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O Brasil é hoje referência mundial na produção de etanol produzido a partir da 
cana-de-açúcar, cujo consumo tem aumentado significativamente nos últimos anos. 
Entretanto, a produção atual de etanol a partir do suco da cana-de-açúcar é insuficiente para 
atender a demanda do mercado nacional e internacional. Nesse contexto, a produção de 
etanol celulósico (de segunda geração) emergiu como uma alternativa promissora ao 
bioetanol de primeira geração. O fungo filamentoso Trichoderma harzianum IOC-3844 é 
uma linhagem brasileira que se destaca pela alta capacidade de produção de enzimas do 
complexo das celulases e hemicelulases, característica de grande interesse em biocatálise 
para conversão de biomassa em monômeros de açúcar fermentáveis. Apesar de seu 
comprovado potencial, há poucos dados de literatura disponíveis a respeito de sua 
capacidade celulolítica. Desta forma, este projeto teve como objetivo principal contribuir 
para o conhecimento básico sobre regiões do genoma de T. harzianum IOC-3844 
envolvidas na via de hidrólise de compostos celulósicos, através da construção de uma 
biblioteca genômica de BAC (bacterial artificial chromosome). A biblioteca de BACs 
conta com 5760 clones, com insertos de DNA de tamanho médio de 90 kb, o que dá uma 
cobertura de aproximadamente 12 vezes o genoma de T. harzianum. Através da seleção de 
clones contendo genes de interesse, foram identificadas regiões com altas concentrações de 
genes relacionados à hidrólise de biomassa. Além disso, a combinação de dados 
genômicos, obtidos através da biblioteca de BACs, juntamente com dados de transcriptoma 
possibilitou a identificação de potenciais genes regulatórios. Os resultados trazem grande 
contribuição para a pesquisa associada a T. harzianum e à genômica de fungos relacionada 























Brazil is a world reference in sugarcane ethanol production, whose consumption has 
increased significantly in recent years. However, the current production of ethanol from 
sugarcane juice is insufficient to meet the demand of national and international market. In 
this context, the production of cellulosic ethanol (second generation) has emerged as a 
promising alternative to first-generation bioethanol. The filamentous fungus Trichoderma 
harzianum IOC-3844 is a Brazilian strain known for its high ability to produce enzymes of 
cellulosic and hemicellulosic complex, characteristic of great interest in biocatalysis for 
conversion of biomass into fermentable sugar monomers. Despite its potential, there are 
few published data available regarding its cellulolytic ability. Thus, this project aimed to 
contribute to the basic knowledge about regions of the genome of T. harzianum IOC-3844 
involved in the hydrolysis of cellulosic compounds pathway, through the construction of a 
genomic BAC (bacterial artificial chromosome) library. The BAC library comprises 5,760 
clones with an average DNA insert size of 90 kb, which represents about 12-fold coverage 
of the T. harzianum genome. Through the selection of clones containing genes of interest, 
regions containing high concentrations of genes related to biomass hydrolysis were 
identified. Furthermore, the combination of genomic data obtained from BAC library 
together with transcriptome data allowed the identification of potential regulatory genes. 
The results bring great contribution to studies related to T. harzianum and to fungal 
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O Brasil é o maior produtor mundial de etanol de primeira geração a partir de cana-
de-açúcar, cuja produção foi impulsionada na década de 1970 pelo programa Pró-Álcool 
para reduzir a dependência de importação de petróleo (Kohlhepp, 2010). Esse aumento na 
produção levou o país a obter uma expertise que influenciou os atuais investimentos na 
tecnologia de segunda geração (etanol celulósico). O etanol de segunda geração é 
produzido a partir da degradação de compostos celulósicos como o bagaço de cana-de-
açúcar, grama, palha e sabugo de milho, entre outros inúmeros tipos de biomassa. Esta 
tecnologia é considerada capaz de fazer frente aos desafios energéticos contemporâneos, 
como a crescente demanda por etanol combustível, alta do preço do petróleo em mercados 
internacionais e o aquecimento global (Ferraresi de Araujo et al., 2014).  
As enzimas que degradam celulose atuam sinergisticamente, de forma complexa, e 
sua produção é influenciada diretamente por elementos indutores e repressores que 
respondem às características do substrato. O entendimento básico da regulação gênica 
dessas enzimas é crucial para o desenvolvimento de novas abordagens de estudo, que 
podem ampliar as possibilidades de seu uso em larga escala. Este é um ponto chave na 
questão do uso de hidrólise enzimática para fornecer açúcares fermentáveis a partir de 
polissacarídeos como a celulose presente no bagaço de cana-de-açúcar.  
O fungo filamentoso Trichoderma harzianum é conhecidamente utilizado como 
biocontrole de fungos patógenos de plantas há mais de três décadas (Elad et al., 1980), e 
mais recentemente muita atenção tem sido dada à sua capacidade de degradar paredes 
celulares de plantas. Algumas linhagens de T. harzianum se destacam pela grande 




harzianum IOC-3844 (de Castro et al., 2010). O potencial celulolítico desta linhagem pode 
ser observado em estudos prévios (Vizona Liberato et al., 2012, Generoso et al., 2012), que 
focam na caracterização de algumas das enzimas secretadas que atuam diretamente na 
degradação de celulose. Porém, há uma escassez na literatura de estudos direcionados a 
uma análise genômica deste fungo, com respeito à hidrólise de biomassa. Os genes mais 
estudados desta espécie são os correspondentes à atividade de micoparasitismo. Desta 
forma, há necessidade de um maior entendimento acerca dos genes e elementos 
regulatórios relacionados à produção de enzimas do complexo das celulases em T. 
harzianum. O desenvolvimento de vetores para clonagem de grandes fragmentos de DNA, 
como os BACs (bacterial artificial chromosomes) (Shizuya et al., 1992) possibilitam o 
acesso a grandes regiões genômicas (entre 80 a 200 kb) (Peterson et al., 2000) de um 
determinado organismo. Desta forma, o presente trabalhoteve como objetivo a análise de 
regiões genômicas que contêm alguns dos principais genes envolvidos em sua capacidade 
celulolítica, por meio da análise de clones BACs. A análise de regiões genômicas extensas 
possibilitou a identificação de novos potenciais genes regulatórios participantes da hidrólise 
enzimática de compostos celulósicos por T. harzianum. Além disso, os dados genômicos 
foram combinados com os obtidos por RNA-Seq, proveninentes de um estudo 
complementar envolvendo T. harzianum IOC-3844, permitindo apontar algumas enzimas 
com grande potencial hidrolítico e suas prováveis atuações sinergísticas na degradação de 

























1.1 REVISÃO DE LITERATURA 
1.1.1 Cenário atual da produção de bioetanol no Brasil 
O Brasil é um segundo maior produtor mundial de etanol, tendo sua produção 
favorecida pelo desenvolvimento de novas variedades de cana-de-açúcar, clima favorável, 
solos férteis, e tecnologias agrícolas (Cerqueira Leite et al., 2009). Com a crise do petróleo 
na década de 1970, foi desenvolvido o Programa Nacional do Álcool (Pró-álcool), com a 
intenção de promover a produção em grande escala de etanol através de subsídios às 
indústrias sucro-alcooleiras e automobilísticas e da oferta de tecnologia a essas indústrias.  
A produção de 2013/2014 chegou a mais de 25 bilhões de litros de etanol (UNICA, 2013), 
equivalente a cerca de 27% da produção mundial de etanol (USDA-FAS, 2013). Porém, 
desde 2008, a oferta de etanol no país encontra-se estagnada em razão da ausência de 
investimentos do setor sucroenergético e em produção agrícola de cana-de-açúcar. Segundo 
dados de relatório do BNDES (Milanez et al., 2012), houve um aumento na venda de 
automóveis flex acompanhada de uma estagnação da oferta de etanol no período de 2008-
2010, o que gerou um aumento médio de 27% sobre os preços de venda do etanol anidro e 
hidratado entre as safras de 2008-2009 e 2010-2011. A Tabela 1 mostra a projeção de 
demanda de etanol no Brasil e no mundo, no período de 2011 a 2015. 
Tabela 1 Projeção da demanda potencial de etanol (em bilhões de litros) 
 
2011 2012 2013 2014 2015 
Demanda doméstica por etanol carburante 23,7 27,8 31,5 36,2 40,8 
Demanda doméstica por etanol não carburante 2,7 2,7 2,8 2,9 2,8 
Demanda internacional 1,8 2 2,5 3,2 3,9 
Demanda total 28,2 32,5 36,8 42,3 47,5 





Levando-se em consideração a produção estimada da safra de 2013/2014, com 
aproximadamente 25 bilhões de litros de etanol produzido, pode-se observar um déficit na 
oferta de etanol, que tende a se agravar nos próximos anos. Enquanto há uma projeção de 
aumento de aproximadamente 13% ao ano na demanda, com um aumento de 19,6 bilhões 
de litros até 2015, os grupos sucroalcooleiros planejam promover expansões para chegar a 
um aumento de 8,9 bilhões de litros na produção de etanol (Milanez et al., 2012). Com o 
aumento do déficit ao longo dos anos, são necessárias medidas urgentes para a ampliação 
da produção de etanol. Desta forma, levando-se em consideração fatores como 
indisponibilidade de áreas de plantio suficientes e competição com a indústria alimentícia, 
além da crescente demanda por energia renovável, está em curso uma corrida internacional 
para a obtenção do etanol de segunda geração (Ferraresi de Araujo et al., 2014). 
O etanol de segunda geração, extraído de biomassa vegetal, emerge como uma 
alternativa potencial frente à necessidade de maior produção do etanol oriundo do caldo da 
cana. Biomassa é definida como a matéria orgânica formada por captura fotossintética de 
energia solar, armazenada sob forma de energia química (Nallathambi Gunaseelan, 1997), e 
representa um dos recursos biológicos mais abundantes e sub-utilizados do planeta (Naik et 
al., 2010). É estimado que com o desenvolvimento de tecnologias do etanol celulósico, o 
Brasil possa expandir sua produção de etanol em até 40% (Jagger, 2013). Contudo, a 
produção em larga escala do etanol celulósico ainda não foi implementada com sucesso. O 
maior desafio encontrado para se possibilitar a produção em larga escala do etanol de 
biomassa é o custo da tecnologia, tendo como componente chave o custo da conversão dos 
polímeros de carboidratos em monômeros de açúcares fermentáveis (Carriquiry et al., 
2011). Desta forma, pesquisas relacionadas à hidrólise enzimática de biomassa são 




1.1.2 Enzimas envolvidas na hidrólise de biomassa 
A biomassa celulósica é composta por cadeias de celulose (polissacarídeo de cadeia 
linear composta por centenas a milhares de unidades de glicose ligadas por ligações β-1,4-
glicosídicas), que são recobertas por hemiceluloses (cadeias ramificadas de açúcares 
contendo principalmente xilose, além de manose, galactose, ramnose e arabinose) e ligninas 
(polímero complexo constituído por unidades de fenilpropano com ligações 
tridimensionais) (Dumitriu, 2012). No bagaço de cana-de-açúcar, a composição de 
biomassa corresponde a 40-50% de celulose, 25-35% de hemicelulose e 7-29% de lignina 
(Sun et al., 2004).  
Na natureza, fungos saprófitos e fitoparasitas secretam enzimas que degradam a 
lignocelulose de paredes celulares vegetais de forma sinergística (Rosgaard et al., 2006, 
Gibson et al., 2011). Essas incluem enzimas ativas em carboidratos (carbohydrate active 
enzymes – CAZymes; www.cazy.org ) e enzimas oxidativas de ligninas (Cantarel et al., 
2009, Levasseur et al., 2008).  Vários coquetéis enzimáticos comerciais incluem as 
principais celulases, além de hemicelulases e pectinases (Ekwe et al., 2013). 
As celulases compreendem um grupo de enzimas que catalisam a quebra de ligações β-
1,4-glucanos presentes em moléculas de celulose, produzindo glicose, celobiose e outros 
celo-oligossacarídeos.  São produzidas por inúmeros micro-organismos e os três principais 
grupos envolvidos da hidrólise da celulose são: celobiohidrolases (CBH); endo-b-1,4-
glucanases (EG) e b-glucosidases (BGL) (Schülein, 2000). As endoglucanases são 
responsáveis pela rápida solubilização do polímero celulósico (Dienes et al., 2004), já que 
hidrolisam randomicamente as regiões internas da estrutura amorfa da fibra celulósica, 
liberando oligossacarídeos de vários graus de solubilização, com terminais redutores e não-




glicose diretamente do polímero, como com a hidrólise primária da fibra, tanto em 
terminais redutores como não-redutores (CBH-I e CBH-II respectivamente). As β-
glucosidases têm a propriedade de hidrolisar celobiose e oligossacarídeos solúveis em 
glicose (Van Dyk and Pletschke, 2012) (Figura 1). 
 
 
Figura 1 Representação esquemática de hidrólise de celulose por conjunto de celulases de Trichoderma, 
agindo sinergisticamente. (EGLs) = endoglucanases; (CBH-I) = celobiohidrolase I; (CBH-II) = 
celobiohidrolase II; (BGL) = β-glucosidase. Figura adaptada. (Percival Zhang, 2006). 
 
Há uma lacuna a ser preenchida entre o custo de mercado destas enzimas e o que seria 
economicamente viável para seu uso na indústria, quando se utiliza lignocelulose como 
matéria-prima (Mathew et al., 2008). Estudos econômicos de etanol lignocelulósico 
mostram que o custo das enzimas celulolíticas é segundo maior responsável pelo seu custo 
de produção (atrás de matéria-prima), representando cerca de 15.7% do valor total da 
produção (Humbird et al., 2011). Desta forma, muitas estratégias têm sido aplicadas com o 
intuito de reduzir seu custo, como a modificação de proteínas para ampliar sua atividade 




(Culbertson et al., 2013), procura na natureza por enzimas mais eficientes e proteínas 
acessórias (Ekwe et al., 2013).  
Sistemas naturais de enzimas celulolíticas frequentemente são compostos por várias 
endo- e exo- enzimas, as quais apresentam diferentes afinidades para as variadas formas de 
celulose (cristalina ou amorfa, por exemplo) (Merino and Cherry, 2007, Kostylev and 
Wilson, 2012). A variação na afinidade deve-se em parte à variação na presença de 
módulos de ligação a carboidrato (do inglês carbohydrate-binding modules, CBMs), que 
são covalentemente ligados aos domínios catalíticos das enzimas em questão (Merino and 
Cherry, 2007, Carrard et al., 2000). Os coquetéis de celulases comerciais são 
principalmente baseados no conjunto de enzimas produzidas por Trichoderma reesei, e é 
composto em sua maior parte por celobiohidrolases (até 80%) (Horn et al., 2012, Rosgaard 
et al., 2006), que são enzimas altamente processivas. Melhorias significativas na hidrólise 
da celulose têm sido obtidas pela inclusão de enzimas hidrolíticas auxiliares, como acetil-
xilano-esterases, xilosidases, mananases, pectinases, nos coquetéis enzimáticos.  
 Entretanto, as cadeias de polissacarídeos cristalinas são altamente compactadas, e a 
existência de fatores adicionais que tornem o substrato mais acessível é sugerida desde a 
década de 1950 (Horn et al., 2012, Reese, 1956). Sendo assim, estudos mais recentes 
sugerem que o esquema tradicional composto por endo-/exo- enzimas pode ser muito 
simplista. Grupos de proteínas não hidrolíticas ativas em celulose, incluindo expansinas, 
swoleninas e polissacarideo-monooxigenases, tem mostrado ação sinergística com celulases 
na hidrólise de lignocelulose (Kim et al., 2009, Chen et al., 2010, Vaaje-Kolstad et al., 
2010). As polissacarideo–monooxigenases (previamente conhecidas como glicosil 
hidrolases família 61) de fungos apresentam superfície plana de ligação a carboidratos e são 




mecanismo oxidativo que depende da presença de íons divalentes de metais e um doador de 
elétron (Vaaje-Kolstad et al., 2010).  
Swolleninas foram identificadas primeiramente em Trichoderma reesei, sendo proteínas 
homólogas à β-expansinas de plantas (Saloheimo et al., 2002). Expansinas são conhecidas 
por promover extensão de paredes celulares de plantas, por um mecanismo envolvendo a 
disrupção de ligações de hidrogênio entre as cadeias de açúcares adjacentes (Cosgrove, 
2000). De forma similar, swolleninas têm mostrado romper e dilatar fibras de algodão, 
enfraquecer papel de filtro, reduzir a cristalização e o tamanho de partículas de papel de 
filtro, de Avicel, liberar pequenas partículas a partir de fibras de algodão e auxiliar a 
hidrólise de vários substratos celulósicos, enquanto causa liberação níveis não 
significativos de açúcares (Gourlay et al., 2013). Diferentemente das principais celulases, 
pelas quais os mecanismos singergísticos têm sido extensivamente estudados, as proteínas 
não hidrolíticas ativas em celulose têm se mostrado auxiliares na ação de hidrolases na 
parede celular vegetal, via mecanismos que são atualmente pouco compreendidos (Asztalos 
et al., 2012).  
  
1.1.3 Trichoderma harzianum  
Fungos do gênero anamórfico Trichoderma são simbiontes endofíticos de plantas, 
amplamente utilizados como biocontrole de fitopatógenos e como auxiliares no crescimento 
e rendimento de plantas (Mastouri et al., 2010). São ascomicetos filamentosos, que tendem 
a produzir dois ou mais tipos de esporos, um dos quais podem ser meióticos, sexuais, 
chamados de ascósporos. Os estágios sexuais, chamados de teleomórficos, são 
reconhecidos taxonomicamente como membros do filo Ascomycota. Representantes da 




anamórfico, de forma que não há conhecimento de seu estágio sexuado, sendo classificados 
separadamente de seu correspondente sexuado independentemente de relações 
filogenéticas, como é o caso do gênero Trichoderma (Chaverri et al., 2003). 
Trichoderma harzianum Rifai (Ascomycota, Hypocreales, Hypocreaceae) é uma 
espécie comum no solo e usada como controle biológico de uma variedade de fungos 
fitopatógenos (Elad et al., 1980, Sivan et al., 1987, Haran et al., 1996, Elad, 2000). Para 
sobreviver e proliferar dispõe de uma série de mecanismos, além do ataque a outros fungos, 
como a degradação de carboidratos complexos. Porém, o uso para degradação de biomassa 
lignocelulósica ainda é pouco explorado, sendo que a principal espécie utilizada com este 
propósito é Trichoderma reesei.  
Devido à elevada atividade celulolítica de algumas linhagens, T. harzianum tem 
mostrado um potencial considerável para aplicações em hidrólise de biomassa (Textor et 
al., 2013). A linhagem brasileira Trichoderma harzianum IOC-3844 é uma linhagem 
pública, disponível na coleção de culturas da Fundação Oswaldo Cruz (Fiocruz, RJ, Brasil), 
cujos estudos prévios demonstraram seu potencial para a produção de enzimas do complexo 
celulolítico. Um trabalho prévio (de Castro et al., 2010) demonstrou que a linhagem IOC-
3844 apresenta alta atividade de endoglucanase, além de níveis significantes de β- 
glucosidase e FPase (“Filter Paper Activity enzyme”), quando cultivado em bagaço de 
cana-de-açúcar pré-tratado. Além disso, provou produzir altas titulações de celulases, 
mesmo quando comparado ao fungo modelo Trichoderma reesei Rut C30. O extrato 
enzimático bruto demonstrou características apropriadas para sua aplicação na hidrólise da 





A enzima celobiohidrolase I de T. harzianum IOC-3844 foi caracterizada 
bioquímica e biofisicamente por Francieli e colaboradores (Francieli et al., 2011), e revelou 
um potencial para aplicações biotecnológicas, mostrando alta atividade contra Avicel e p-
nitrofenil-β-D-celobiosideo. 
Generoso e colaboradores (2012) clonaram uma endoglucanase III (EGIII) de T. 
harzianum IOC-3844 em Pichia pastoris para expressão heteróloga da enzima, e obtiveram 
altas concentrações de enzima expressas, além de características apropriadas para uso em 
coquetéis enzimáticos.  
Um trabalho desenvolvido conjuntamente à presente tese (Horta et al., 2014) 
delineou o perfil transcriptômico de T. harzianum IOC-3844 quando crescido em diferentes 
substratos (lactose, celulose cristalina - Avicel e bagaço de cana delignificado), permitindo 
a identificação de sequências de genes com potencial aplicação à hidrólise enzimática. Os 
dados de transcriptoma permitiram analisar genes diferencialmente expressos nas três 
condições diferentes testadas, definindo grupos de genes e envolvidos na degradação 
celulose e hemicelulose, além de genes acessórios que podem estar envolvidos na 
degradação de biomassa. A Figura 2 lista várias classes de enzimas que estão 






Figura 2 – Sequências identificadas a partir do transcriptoma de T. harzianum IOC-3844, 
envolvidas com degradação de biomassa. O gráfico foi retirado do artigo original (Horta et al., 2014), 







1.1.4 Vetores de grandes insertos de DNA - Cromossomos Bacterianos Artificiais 
(BACs) 
O sequenciamento genômico é necessário para se determinar a sequência completa e 
estruturas de íntrons e exons de todos os genes, incluindo aqueles com funções ainda 
desconhecidas, para mapeamento gênico e de outras sequências do genoma, além de revelar 
elementos regulatórios, cobrir quaisquer sequências inesperadas, e decifrar a organização e 
evolução dos genomas (Zhang and Wu, 2001). Uma técnica útil para acessar fragmentos de 
genoma e conduzir o sequenciamento numa determinada região-alvo é o uso de vetores que 
permitem a clonagem de grandes insertos de DNA. 
De acordo com os hospedeiros dos grandes insertos de DNA clonados, eles podem 
ser classificados como sistemas de clonagem bacterianos ou de leveduras. YAC’s (Yeast 
Artificial Chromosomes) (Burke et al., 1987) pertencem ao sistema de clonagem baseado 
em células de leveduras, enquanto cosmídios, fosmideos e BACs pertencem ao sistema de 
clonagem bacteriano. O sistema YAC é baseado em cromossomos artificiais de leveduras, 
sendo construções lineares, o que permite a clonagem e manutenção de fragmentos de DNA 
acima de 1000 kb em leveduras (Burke and Olson, 1989). Devido à capacidade de 
clonagem de fragmentos muito grandes de DNA, o sistema YAC foi rapidamente adotado 
para mapeamentos físicos de genoma em larga escala e sequenciamento genômico de 
humanos e outras espécies (Coulson et al., 1988, Chumakov et al., 1995, Dunham et al., 
1999, Hattori et al., 2000). Porém, algumas desvantagens desses vetores, como seu alto 
grau de quimerismo, instabilidade dos insertos e dificuldade na purificação dos insertos 
clonados de DNA, limitaram a utilidade de bibliotecas de YAC em pesquisa e 




Sistemas de clonagem de grandes insertos de DNA baseados em bactérias, bem 
como fosmideos, cosmídios, P1s, BACs, entre outros, fornecem alternativas desejáveis para 
o sequenciamento de genomas em larga escala. Uma das inovações significantes deste 
sistema para sequenciamento genômico é a facilidade relativa da purificação de seu inserto. 
Estes sistemas são construções circulares, o que protege seu DNA de danos físicos durante 
a extração/purificação. Os tamanhos dos fragmentos variam de 40 kb para cosmídios e 
fosmideos, até 400 kb para BAC, o que é significantemente menor que os 4,6Mb do DNA 
cromossômico de Escherichia coli. Isto permite que os grandes insertos de DNA nestes 
vetores sejam prontamente purificados (Zhang and Wu, 2001).  
O sistema BAC é baseado no fator de fertilidade “F” de E. coli. Sua replicação é 
estritamente controlada  (Firth et al., 1996). O plasmídio F é mantido no número de uma ou 
duas cópias por célula, reduzindo desta forma o potencial de recombinação entre os 
fragmentos de DNA inseridos no plasmídio. Além disso, os fatores F carregando insertos 
de DNA bacteriano são capazes de manter fragmentos tão grandes quanto 1 Mb, o que 
sugeriu seu uso para a clonagem de grandes fragmentos (Shizuya et al., 1992). A 
estabilidade e facilidade de manipulação apresentada pelos vetores BAC têm feito deste 
sistema de clonagem uma ferramenta popular para a criação de bibliotecas de genomas de 
bactérias, fungos, plantas e animais (Béjà et al., 2000, Diener et al., 2004, Ammiraju et al., 
2006, Anistoroaei et al., 2011). O vetor utilizado no presente trabalho foi o pIndigoBAC-5 






Figura 3 – Vetor pIndigoBAC-5 Mapa do vetor usado no presente trabalho, mostrando 
sítios de restrição, genes de partição para, parB, parC que garantem uma manutenção 
estável do BAC durante a divisão celular; gene repE envolvido na replicação do plasmídio, 
marcador de seleção lacZ, e promotor T7. 
 
Bibliotecas e mapas físicos em vetor BAC têm sido construídos para várias espécies 
fúngicas de interesse biotecnológico, incluindo Magnaportha grisea, Aspergillus fumigatus, 
Phytophthora infestans, Trichoderma reesei, Villosiclava virens, Penicillium chrysogenum 
(Nishimura et al., 1998, Pain et al., 2004, Randall and Judelson, 1999, Diener et al., 2004, 
Wang et al., 2013, Xu et al., 2005). A biblioteca de BAC de Trichoderma harzianum obtida 











Analisar regiões genômicas em T. harzianum IOC-3844 que possuem genes 
envolvidos na degradação de biomassa lignocelulósica. 
 
1.2.2 ESPECÍFICOS 
 Construir uma biblioteca genômica de BACs do fungo T. harzianum IOC-3844; 
 
 Selecionar, através de uma plataforma de seleção rápida, clones BAC que 
contenham genes de interesse; 
 
 Sequenciar os insertos dos BACs selecionados utilizando sequenciamento de nova 
geração (454) e realizar a montagem de novo dos reads obtidos; 
 
 Identificar genes presentes nas sequências montadas por meio de preditores, e 
realizar anotação; 
 
 Analisar os níveis de expressão (dados de RNA-Seq provenientes do trabalho 
exposto em Anexo) dos genes encontrados, e buscar potenciais genes regulatórios 
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Trichoderma harzianum IOC-3844 is a promising strain for biotechnological application in 
second-generation bioethanol production, as it secrets high levels of cellulolytic-active 
enzymes. However, the T. harzianum integrated biomass-degrading mechanism has not 
been well explored at the genetic level. This work presents a novel approach combining 
genomic and transcriptomic data to investigate six genomic regions (~150 kbp each) of this 
fungus that are enriched with genes related to biomass conversion. Large genomic regions 
were isolated and cloned into bacterial artificial chromosomes (BAC) library. The 




A BAC library of T. harzianum IOC-3844 consisting of 5,760 clones was constructed with 
an average insert length of 90 kbp. For the library screening, seven carbohydrate-active 
enzymes (CAZy) genes were used, in which 18 selected clones were sequenced using 454 
technology. The assembled BACs sequences revealed 232 predicted genes, of which 31.5% 
were related to catabolic pathways, including those that are involved in biomass 
degradation. Of the seven genes that were used for screening, the swollenin gene remained 
in the same BAC as the cellobiohydrolase I gene; thus, we obtained 6 genomic regions 
containing at least one CAZy gene each. Following prediction and annotation, we identified 
17 CAZy genes. An expression profile analysis obtained from of the RNA-Seq data 




transcriptional factors are located in the same genomic region as the CAZy genes and 
exhibited similar expression profiles.  
 
Conclusions 
We demonstrate a rapid and efficient tool for studies that focus on specific genomic regions 
by combining a BAC library with transcriptomic data. The employed methodology permits 
the analysis of large genomic regions (> 100 kbp) containing putative regulatory elements 
that may affect the expression and activity of CAZy genes without requiring full genomic 
sequencing. A BAC pyrosequencing analysis demonstrated the existence of CAZy-enriched 
regions in the T. harzianum genome and revealed novel candidate genes that are co-induced 
with CAZy in the IOC-3844 strain. This is the first BAC-based structural genomic study of 
the cellulolytic fungal T. harzianum. The study provides new perspectives for the use of 
this species in biomass-degradation processes. 
 
Keywords 




 Second-generation biofuels are among the key technologies that decarbonize the 
future transportation sector [1], and second-generation bioethanol has emerged as a 




alcohol) or as an additive to gasoline (anhydrous alcohol) [2]. Brazil is the largest producer 
of sugarcane worldwide, producing 652 million tons in 2013 [3]. One-third of plant 
biomass consists of bagasse, which is a potential source of lignocellulosic material for 
second-generation bioethanol. In the first-generation bioethanol-production chain, ~ 92% of 
the bagasse is combusted for heat generation [4]. It is estimated that using the remaining 
8% of the bagasse for the production of second-generation bioethanol would decrease the 
land-use needs by 29% [5]. 
Despite the advantages, the cost to produce ethanol from cellulose is impractical for 
large-scale production, which leads to the need to understand biomass hydrolysis, including 
the identification of novel genes and regulatory factors from cellulase-producing 
organisms.  
The enzymatic hydrolysis of biomass is achieved via the synergistic action of 
several enzymes, which are often secreted by microorganisms such as bacteria and fungi. 
Plant cell walls are composed of cellulose, hemicelluloses, pectins, lignin, and other 
molecules [6]. Three types of cellulases are required for cellulose hydrolysis: a) 
endoglucanases, which randomly cleave the internal bonds of polysaccharides possessing 
β-1,4-glucan backbones; b) cellobiohydrolases, which are responsible for cleaving the 
terminal chains that are produced by endoglucanases and releasing molecules containing 2 
or 4 glucose units; and c) β-glucosidases, which hydrolyze β-glycosidic bonds from 
cellobiose and other oligosaccharides to form glucose. However, several relevant enzymes 
and regulatory elements are involved in lignocellulose hydrolysis, some of which have not 
yet been identified.  
Trichoderma harzianum (teleomorph Hypocrea lixii) is an ascomycete fungus that 




of plant-pathogenic fungi [7] and shows a plant growth-promoting ability [8]. T. harzianum 
enzymes are used in the food [9], textile and paper industries [10]. Additionally, it has been 
known since the 1980s that T. harzianum secrets a number of biomass-degrading enzymes, 
including cellulases and hemicellulases [11]. However, a limited number of studies 
regarding the use of the enzymes of this species for lignocellulose hydrolysis have been 
conducted compared with other organisms, such as Trichoderma reesei.  
Castro et al (2010) [12] cultivated T. harzianum IOC-3844, a public Brazilian strain, 
in pretreated sugarcane bagasse and verified high levels of endoglucanase activity in 
addition to significant levels of β-glucosidase and FPase, demonstrating that this strain has 
appropriate characteristics for application in cellulose hydrolysis. Subsequent studies 
characterized important cellulases that are secreted by this strain, e.g., cellobiohydrolase 1 
(Cbh1) [13] and endoglucanase 3 (Egl3) [14, 15]. Additionally, Horta et al (2014) [16] 
outlined the transcriptomic profile of the IOC-3844 strain and identified the entire set of 
expressed genes in cellulosic substrate. Although efforts have been made to identify the 
transcriptomic aspects of this fungus, the literature lacks information with genomic-level 
analyses and genes related to biomass degradation. Therefore, this study aims to investigate 
the genomic context of T. harzianum biomass-degrading genes by screening for novel 
candidate regulatory genes using transcriptome data and extending the analysis to a 
genomic level via bacterial artificial chromosome (BAC) library construction.  
Seven CAZy genes, which are known for their substantial role in biomass 
hydrolysis, were selected for the analysis. Through a rapid selection platform using φ-29 
polymerase, BAC clones containing the selected genes were identified and sequenced using 
454 technology. Followed by assembly and annotation, the transcriptomic data were used to 




results revealed genomic regions that were rich in CAZy genes with novel candidate 
regulatory genes presenting expression profiles similar to those of CAZy genes. Using a 
BAC library, which permits the selection of large genomic fragments (~90 kbp in the 
present work) with high clonal stability, in combination with transcriptome data, we 
demonstrated a promising tool for the screening of genes and regulatory factors, enabling a 
comprehensive analysis of the target genomic regions without the need to sequence the 
entire genome. 
 
Results and Discussion 
Construction and characterization of a T. harzianum BAC library 
We constructed and characterized a BAC library of the hyper-cellulolytic fungus T. 
harzianum IOC-3844. The library consists of 5760 clones that provided 12-fold coverage of 
the fungal genome.  
The average insert size of the library was determined by NotI digestion of 84 
randomly selected clones. All of the analyzed clones contained inserts. The estimated insert 





Figure - 1 Insert size distribution of the T. harzianum IOC-3844 BAC library 
Sixty randomly selected BAC clones were digested by NotI. The insert size ranged 
from 35 to 180 kbp with an average size of 90 kbp. 
 
With a total of 5760 clones (15 × 384-well plates) and a mean size of 90 kbp, the 
total library contained approximately 518,400 Mb of T. harzianum genomic DNA. The 
haploid size of the T. harzianum genome, according to genome assembly for the CBS 
226.95 strain v1.0 release from the JGI (Joint Genome Institute), is 40.98 Mb. Assuming 
that the genome size of the CBS 226.95 strain is similar to that of IOC-3844, our BAC 
library is estimated at 12 genome equivalents. We confirmed library coverage through the 
amplification by PCR of single-copy genes (egl1 and egl3), which amplified 10 clones 
each, thereby confirming that the library covers the fungal genome by ~ 10- to 12-fold. 
To test the representativeness of the library, BAC end sequencing was performed 
using 84clones. The BAC end sequences (BESs), ranging from 400 to 600 bp, were blasted 
against the T. harzianum CBS 226.95 genome (scaffolds) with an E-value cutoff of 1e-5. 




which were allocated in 23 different scaffolds varying from 235 kb to 4.09 Mb in length 
and covering ~ 83% of the fungal genome. As verified through the wide range of mapped 
scaffolds, the constructed BAC library showed good representation. 
 
Rapid selection of the clones 
Amplified DNA samples from the 15 plates were screened using a specific set of primers 
for 7 genes that were related to biomass degradation (Table S1).  
 
Table S1 Primers that were used to screen the BAC clones 
Gene 5' primer 3' primer 
egl1 CAGTGGCCGTGCAAGA AACCAGTACATGCCCAGC 
egl2 GACTGGACTCAATGGTTCG CTACCTGTTGCCACTTG 
egl3 GTAAACTCACTCAACTCGGC TCGTAGATAGTTGAAGAAGTT 
cbh1 CACGATACCAAGAGCACC CTATCGGTCATTGGAGTAAGT 
bgl2 CCAGAGTTTACGCCCGAG GCTGCTGTCCATTCTCGTAA 
xyn2 ATGGTTGCCTTTACTTCCC CTGGTTGACACGCTGAGTT 
swo CAATGTGGAGGTAATGGATG CGAAGAGTAGTGCCCGTAG 
 
The primers were designed from the T. harzianum IOC-3844 transcriptome [16]. For the 
Egl1 gene, 5 plates exhibited amplification. The positive plates for each gene were then 
screened individually, as shown in Figure 2A. The positive products of the PCR 
amplification of the selected clones were validated by agarose gel electrophoresis (Figure 
2B). A total of 38 clones were selected: 10 clones for egl1, 10 clones for egl3, 6 clones for 





Figure 2 - Screening of the Egl1-positive plate 
Positive-pool plates were screened by PCR using a CFX384 Touch
TM 
Real-Time PCR 
Detection System (Bio-Rad). Positive clones were identified by a melt peak 
temperature, which was previously established for each primer pair. Panel A indicates 
a highlighted melt peak, indicating a positive clone for Egl1 (melt temperature = 
84ºC). Positive clones were confirmed by agarose gel visualization, as shown in panel 
B. 
 
Prior to 454 sequencing, at least 3 clones from each gene were fingerprinted using 
both HindIII and XhoI enzymes (data not shown) to ensure that the BAC fragments did not 
completely overlap. Fingerprinting is an important step after sequencing to enable the 
assembly of larger genomic regions of interest as it increases the chance that the target 
genes are not in close proximity to the BAC ends.  
 
454 sequencing and BAC insert assembly 
Eighteen BAC clones were selected for sequencing. The pyrosequencing of 18 BAC 
clones yielded 694,226 reads with a mean length of 354 bp, generating ~150× coverage of 




sequenced genomic regions. The assembly results with the respective GenBank accession 
numbers for each BAC are summarized in Table 1.  
Table 1 - Assembly results for the 454-sequenced clones 






































XIP1G10 xyn2 113 113 [KM555253] 
 
* The swollenin BAC aligned with cellobiohydrolase I BAC; thus, the assembled BAC of 
swo and cbh1 is the same for both screened genes. 
 
Annotation of BAC genes 
Within the 6 T. harzianum IOC-3844-assembled BACs, 232 genes were predicted, 
with an average of 38.6 genes per BAC. The average length of the predicted genes was 
1,408 bp. These sequences comprise 37% of the assembly (1 gene per 3.8 kb). After 
running Blast2GO, 148 sequences were annotated with GO terms (Figure 3), and 208 
sequences exhibited matches against the InterPro collection of protein signature databases.  
 




(A) According to biological process; (B) According to molecular function; and (C) 
According to cellular components. 
 
Metabolic processes were the main biological processes identified among the 
annotated sequences (83 sequences, Figure 3A). With respect to molecular functions, most 
of the sequences (73) exhibited catalytic activity, with 27 sequences demonstrating 
hydrolase activity (Figure 3B).  
The species distribution revealed Trichoderma virens as the most similar to T. 
harzianum IOC-3844, with 181 BLAST hits (78% of the hits), followed by T. reesei (19 
BLAST hits) and T. atroviride (17 BLAST hits). T. harzianum was the Trichoderma 
species with the fewest BLAST hits (2%) due to the limited available genomic data for this 
species compared with other Trichoderma (Figure 4). 
 




Based on the number of BLAST hits of predicted genes, T. virens is the species 
with the most similarity to T. harzianum. 
 
Annotated CAZy genes 
Although we began using 7 CAZy genes for the BAC screening and sequencing, we 
identified 17 CAZy genes in the assembled BAC sequences (Table 2). The Bgl2 BAC was 
the only BAC that contained one CAZy gene.  
 
Table 2 - CAZy genes that were identified in the assembled BAC sequences 
BAC CAZy Family Enzyme EC Number 
egl1 GT71 α-mannosyltransferase 2.4.1.- 
GH7 endoglucanase I 3.2.1.4 
egl2 GH3 β-xylosidase 3.2.1.37 
GH5 endoglucanase II 3.2.1.4 
GH79 endo-β-N-glucuronidase/heparanase 3.2.1.-; 
3.2.1.166 
egl3 CE16 acetylesterase 3.1.1.6 
GT90 O-β-glucosyltransferase 2.4.1.- 
GH12 endoglucanase III 3.2.1.4 
GH37 α,α-trehalase 3.2.1.28 
GT17  GnT-III (β-1,4-N-
acetylglucosaminyltransferase III ) 
2.4.1.144 
bgl2 GH1 b-glucosidase 2 3.2.1.21 
cbh1 GH92 α-mannosidase 3.2.1.- 
GH7 cellobiohydrolase I 3.2.1.91 




GH5 GCase (Glucosylceramidase) 3.2.1.45 
xyn2 GH27 α-galactosidase 3.2.1.22 
GH11 xylanase 3.2.1.8 
The Egl3 BAC exhibited the highest concentration of CAZy genes, whereas the Bgl2 BAC 
only contained 1 sequence belonging to the CAZy group. 
 
CAZymes play a crucial role in biomass degradation, and CAZy genes are not 
distributed randomly in the genome [17]. Considering a genome size of 40 Mbp (according 
to the sequenced T. harzianum CBS 226.95) and 487 CAZy genes as predicted in the 
previous transcriptome study [16], we expected to identify 1 CAZy gene per ~82 kb. In the 
present analysis, we found an average of 1 CAZy sequence per ~18 kb, which represents a 
4.5-fold increase in the amount of expected CAZy genes. This assay confirms a previous 
study in which CAZymes were analyzed in the T. reesei genome. In total, 41% of these 
genes were identified in 25 discrete regions ranging from 14 to 275 kb in length, which is 
approximately five-fold increased, compared with the expected density for randomly 
distributed genes [17].  
The glycoside hydrolase (GH) (EC 3.2.x.y) family represents the major group of 
CAZy genes that were identified in all of the BAC sequences, with 12 sequences belonging 
to 10 different GH families. GHs hydrolyze glycosidic bonds between two or more 
carbohydrates or between a carbohydrate and a non-carbohydrate moiety (CAZY), thereby 
playing an important role in the degradation process of cellulose and hemicellulose 
compounds. Detailed information regarding each of the CAZy genes that were identified in 




Three identified CAZy genes belong to the glycosyltransferase (GT) group. GTs 
(EC 2.4.x.y) are involved in the biosynthesis of disaccharides, oligosaccharides, and 
polysaccharides [18]. Although few GTs were identified in the BAC sequences compared 
with GHs, all of the GTs were related to fungal cell wall synthesis. Previous studies 
demonstrated the genomic co-localization of GTs that are involved in cell wall synthesis 
with GHs that are related to biomass degradation [17]; however, to date, no reports have 
explained a possible functional correlation between these two enzymatic classes among 
these enzymes. Here, we also report the co-induction of a GT with a cellulase gene, both of 
which belonging to the same BAC, as shown in subsequent topics. 
One predicted CAZy gene identified in the Cbh1 BAC is classified as containing a 
carbohydrate-binding module family 1 (CBM_1) member that was identified as a 
swollenin. Swollenin is an expansin-like protein that was first identified in T. reesei and 
disrupts cellulose fibers [19]. Expansins weaken the non-covalent interactions of plant cell 
walls, inducing their extension [20]. This role was also confirmed in fungal swollenin, as 
activity assays on cotton fibers and filter paper detected the disruption and weakness of the 
cellulose without the release of reducing sugars [19]. Thus, swollenin has a potential role in 
assisting hydrolysis by GHs because the disruption of the cellulose structure boosts the 
activity of hydrolytic enzymes by enhancing the access of these enzymes to the fibers [21].  
We also identified a carbohydrate esterase (CE) from family 16, an acetylesterase 
(EC 3.1.1.6) that catalyzes the hydrolysis of acetyl side groups from glucuronoxylan, thus 







Real-time quantitative qRT-PCR Analysis 
Some predicted genes, which were obtained through a sequence data analysis  from RNA-
Seq, were selected for validation of their expression levels by qRT-PCR[16]. In this work, 
we validated the expression of other five (egl1, egl2, egl3, swo and xyn2) selected genes by 
qRT-PCR. The genes and their respective primers are presented in Table S2 of the 
supplementary data.  
 
Table S2 Primers that were used for the qRT-PCR analysis 
Gene 5' primer 3' primer 
egl1 ACTACCGCTGGATGCACGA AGACACCAGAGGCAGCGTAGT 
egl2 GCCACTACCATGTCTACCTCAAC TCAGTCCCACAGCCAAAATC 
egl3 TCCTTCAGTCAGCAACAATCTCT GACATTGGGATAGGACTTGACG 
xyn AATCTACGGTTGGTCTCGCA CTGCCGTCAGATGTAACCTCA 
swo TGTGTGGAGGTAATGGATGGAC CCTGAGCTGGATGAAGTTGATG 
erg1 GTTGTATGAGACCAGATCGGC TCACAATGTGTCAATCGAGCA 
 
The results are consistent with those obtained from RNA-Seq data given that similar 
expression profiles were observed in both of the analyses. Figure 5 presents the relative 
quantifications (RQ) for selected genes under three conditions (lactose, crystalline 





Figure 5 - Validation of the RNA-Seq data by qRT-PCR  
Expression profiles of the genes that were related to biomass degradation as 
detected in RNA-Seq analysis and validated by qRT-PCR. The squalene-epoxidase 
gene was used as an endogenous control. The differences between the treatments were 
considered significant at P<0.05 (Student's t test) and are indicated by (A) comparison 
with data that were obtained in the RNA-Seq analysis and (B) comparison with data 
that were obtained in the qRT-PCR analysis. 
 
CAZy gene expression levels 
We analyzed the expression levels of 17 CAZy genes using hierarchical clustering 

































































































































Figure 6 – Hierarchical clustering of CAZy genes  
CAZy sequences were mapped against transcriptome reads and divided into 5 
transcript groups according to the expression levels. Group IV contains the most 
expressed sequences, and group I contains the less expressed sequences. 
 
Group I contained the CAZy genes exhibiting minimal expression among the CAZy 
analyzed in the present study, including the α-galactosidase (GH27) gene from the Xyn2 
BAC and the α-1,2-mannosidase (GH92) gene from the Cbh1 BAC. Group II consisted of 
the 3 glycosyltransferases: α-mannosyltransferase (GT71) from the Egl1 BAC, a candidate 
β-xylosyltransferase (GT90) from the Egl3 BAC, and GnT-III (GT17) from the Egl3 BAC. 
All of the identified GTs remained in the same group given their similar expression levels 




Group III was formed by 2 sub-groups. Group IIIa was composed of egl2 and swo, 
whereas IIIb was formed by a GH37 family protein (α,α-trehalase) from the Egl3 BAC and 
a candidate glucosylceramidase from the Cbh1 BAC.  
Group IV included the genes with the highest expression: xyn2 and cbh1, a 
hemicellulase and a cellobiohydrolase, respectively. Finally, group V contained egl1, egl3 
(exhibiting the highest expression among the 3 analyzed endoglucanases), and bgl2. 
Intriguingly, egl3 exhibited the highest expression among the 3 analyzed 
endoglucanases in this study and is the only endoglucanase that lacks a cellulose-binging 
module (CBM), which is responsible for recognizing and binding to the cellulose surface. 
A previous study demonstrated that Egl3 adsorbs to both Avicel (microcrystalline 
cellulose) and phosphoric acid swollen cellulose (PASC), but the affinity and hydrolytic 
properties were reduced compared with those of the other cellulases [23]. In T. reesei, the 
most studied endoglucanases include Egl1 and Egl2, whereas Egl2 plays a major role in the 
total hydrolysis of cellulose [24].  
 
Screening of candidate genes that are related to biomass hydrolysis 
Cellulase and hemicellulase production is an energy-consuming process for the fungus; 
therefore, there is a tight regulation of genes encoding these enzymes. A synergistic action 
of the enzymes is required for the degradation of carbohydrate polymers [25] so that the 
coordination of the expression is highly dependent on inducers and repressors. In addition, 
the direct or indirect participation of several CAZy in biomass degradation is not fully 
understood.  
Because genes with similar expression profiles under different conditions often 




obtained in the BAC library and compared to the expression profile of the CAZy genes in 
order to gain further insights regarding their potential role in biomass hydrolysis. We also 
considered the vicinity of the genes. The BAC genes were mapped against transcriptome 
reads to analyze the expression profiles under the three treatments. Each BAC was analyzed 
individually. Those genes presenting the same expression profile as the CAZy genes from 
the same BAC were identified through a K-means clustering analysis, and their possible 
influence on biomass hydrolysis is discussed in the following subtopics. Table 3 presents 
the clusters that were formed by the CAZy and non-CAZy genes that exhibited similar 
expression profiles.  
 













Egl1 A GH7 endoglucanase 1 GT71 mannosyltransferase 22751 
Egl2 
B GH5 endoglucanase 2 
2.7 α-β hydrolase fold 29058 
2.28 major facilitator superfamily 11701 
2.43 oxidoreductase activity 01128 
2.48 carboxylesterase 02018 
C GH3 β-xylosidase 
2.2 Zn(2)-C6 transcription factor 01138 
2.11 cysteine synthase 01926 
2.49 ribonuclease activity 16191 
D GH79 heparanase 2.6 amidohydrolase 17439 
Egl3 
E GH12 endoglucanase 3 




3.25 amino acid permease 04762 
3.33 Zn(2)-C6 transcription factor 27392 
F GH37 trehalase 
3.19 protein kinase binding 15431 





3.20 N-acetyltransferase activity 00182 
3.37 GTP binding  06689 




H GT90 xylosyltransferase 
3.2 b-ketoacyl synthase 20801 




Bgl2 I GH1 β-glucosidase 2 
b.7 Zn(2)-C6 transcription factor 01138 
b.8 5-aminolevulinate synthase 01917 








c.7 NAD(P)-binding domain 16040 
c.12 ribonuclease E inhibitor 05493 
c.18 major facilitator superfamily 05828 
c.31 α-β hydrolase fold 29058 
c.32 oxidoreductase activity 03042 
c.42 cytoskeleton-associated - 
L GH92 mannosidase 
c.11 sugar/inositol transporter 03663 
c.13 transcription factor domain 07219 
c.17 oxidoreductase activity 03042 
Xyn2 
M GH11 xylanase  x.13 pth11-type coupled receptor - 
N GH27 α-galactosidase x.16 
cyclopropane fatty acid 
synthase 20803 
The predicted genes with expression profiles similar to CAZy are listed. Each BAC 
was divided into 10 clusters, and clusters containing at least one CAZy are summarized. 
 
Endoglucanase I BAC 
The Egl1 BAC (165 kbp) revealed 2 CAZymes: a GT from family 71 and a GH from 
family 7 (a predicted α-mannosyltransferase and Egl1, respectively) (figure 7A). 
Intriguingly, the two CAZymes formed a cluster, indicating co-regulation.  
Endoglucanase I is a cellulase that catalyzes the endohydrolysis of (1→4)-β-D-
glucosidic linkages; it exhibits activity against cellulose, 1,3-1,4-β-D-glucan, xyloglucan, 
xylan, and mannan [26]. The distance between the GH7 gene and the GT71 gene was 23 
kb, indicating close vicinity. GT71, an α-mannosyltransferase, contains a transmembrane 




cerevisiae [27]. In addition, it is implicated in late Golgi modifications [28]. As previously 
reported, GTs that are related to cell wall synthesis are occasionally located in genomic 
regions containing GHs that are involved in biomass degradation. A previous study 
demonstrated that a putative α-1,2-mannosyltransferase is required for cell wall stability 
and virulence in Aspergillus fumigatus. During growth, the fungal cell wall must be 
reorganized, and mannosyltransferases play a crucial role in this process [29] because they 
are involved in glycosylation. Several cellulases and hemicellulases are secreted via the 
action of transport-related proteins, whereas others remain bound to the cell wall at least for 
a short period of time [30]. Thus, an optimal rearrangement of the cell wall during fungal 
growth is essential for biomass degradation because defects in protein glycosylation may 
result in misfolding, instability, and reduced enzymatic activity [29]. These requirements 
may explain the presence of GTs, such as α-mannosyltransferase, near certain cellulase-
coding genes. 
 
Endoglucanase II BAC 
The BAC corresponding to Egl2 (153 kb) exhibited 3 glycosyl hydrolases: a GH5 family 
Egl2, a candidate β-xylosidase from the GH3 family, and a GH79 family protein with endo-
β-N-glucuronidase or heparanase activity (Figure 7B). 
Cluster B (Table 3), containing egl2, exhibits a gene encoding a candidate D-
galactonate from the major facilitator superfamily (MFS) protein. Transporter proteins are 
relevant for the utilization of carbon sources, and the co-induction of transport genes with 
CAZy genes that are located in the same genomic region is common [17]. 
Cluster C contains a GH3 protein (Table 3). This cluster was constructed using data 




cellulose induction were identified. Given that the gene product is a xylosidase acting on 
xylans and xylobiose, no mapped reads were noted when crystalline cellulose served as the 
induction substrate. Gene 2.2 from cluster B (Figure 7B) is a protein with a Zn(2)-C6 
fungal-type DNA-binding domain (IPR001138). A previous study [31] analyzed candidate 
cellulase/hemicellulase regulator genes from T. reesei under various conditions and 
identified numerous genes encoding putative fungal C6 zinc finger-type transcription 
factors, including from IPR001138, that were co-regulated with cellulase and/or 
hemicellulase genes.  
  
Endoglucanase III BAC 
The BAC that was sequenced from the Egl3 gene contained a 147-kbp region with 5 CAZy 
genes, which was the most CAZy-rich region among the six BACs that were studied in the 
present work. The following 5 CAZy genes were noted in this region: 2 GT family proteins 
(GT17 and GT90), 2 GH family proteins (GH12 and GH37), and 1 CE family protein 
(CE16). CE16, an acetylesterase, did not form a cluster with other genes from the Egl3 
BAC; it exhibited a unique expression profile (Figure 7C).  
Here, we emphasize the relevance of transporter genes, as they were clusterized 
with several CAZy genes in the present study.  In cluster E (Table 3), an amino acid 
permease gene (3.25) is consecutive to egl3; these genes are separated by a distance of < 
200 bp (Figure 7C). Additionally, another Zn(2)-C6 transcription factor was identified that 
exhibited a expression profile similar to egl3. GH 37, an α,α-trehalase, formed a cluster (F, 
Table 3) with a hypothetical protein that was related to conidiation. In fact, the 
development of fungal mycelium and conidiation are associated with an increase in 




acetyltransferase gene. Six genes belonging to this class were co-regulated with cellulase 
and/or hemicellulose genes in T. reesei. In addition, one of these genes was overexpressed 
in a mutant strain, exhibiting an increase in cellulase/hemicellulase activity [31].  
 
β-Glucosidase BAC 
The BAC containing the β-glucosidase gene bgl2 was the only one to present a 
CAZyme, Bgl2 (Figure 7D).  
Given that it exhibited the same expression profile as bgl2 (cluster I, Table 3), we 
again identified a transcriptional factor containing a Zn(2)-C6 fungal-type binding domain 
and a transporter gene (b.30; Figure 7D) located < 10 kbp from bgl2. 
 
Cellobiohydrolase/Swollenin BAC 
The BAC containing cbh1 (GH7) presented 4 CAZy genes: 3 GHs and 1 protein 
containing a CBM (swollenin). This BAC contains one of the most intriguing CAZy-
enriched regions, with 3 consecutive CAZy genes that are similar to the set of CAZy genes 
identified in T. reesei. This group is formed by cbh1, swo, and a glucosylceramidase gene 
(figure 7E). In the T. reesei study, the third consecutive CAZy was considered a candidate 
xylanase [17]. However, in our study, the gene similarity was closer to that of a 
glucosylceramidase. 
Cbh1 is one of the most important enzyme components for cellulose 
depolymerization in fungi. The activity of Cbh1 is essential for the hydrolysis of 
microcrystalline cellulose and represents 60% of the total cellulase protein that is produced 
by T. reesei on a mass basis [33]. However, Cbh1-mediated cellulose polymerization 




cellulases, as shown in previous studies [35, 36]. Although cbh1 and swo are in close 
vicinity (the genes are only separated by a distance of 8.5 kbp and co-induced as shown in 
cluster J (Table 3), the synergistic activity between Cbh1 and Swo is poorly understood. 
Cbh1 BAC also contains a glucosylceramidase that is situated in sequence with 
cbh1 and swo (figure 7E). Although it is consecutive to the other two CAZy genes (which 
have similar expression profiles), our data indicate a different expression profile of 
glucosylceramidase; it was separate from cbh1 and swo in the clustering analysis. The 
glucosylceramidase gene formed a cluster (K; Table 3) containing 7 total genes, wherein 
the most similar expression profile was that of gene c.32, a hypothetic protein with 
oxidoreductase activity.  
GH92, an α-1,2-mannosidase, is present in cluster L (Table 3). The α-1,2-
mannosidase participates in the postsecretory glycosylation of Cbh1 from T. reesei under 
various growth conditions [37]. Gene c.11 is an integral membrane protein from the 
sugar/inositol transporter family and is also a transporter gene near (6 kbp) a CAZy gene. 
Gene c.13 is a transcription factor protein that is situated 2.6 kbp from GH92. This gene 
contains a Gal4-like Zn2Cys6 binuclear cluster domain, which is involved in DNA binding. 
 
Xylanase BAC 
The Xyn2 BAC contains 2 CAZy genes: a GH11 family xyn2 and a GH27 family α-
galactosidase (figure 7F).  
Xylanase is the biomass-degradation-related enzyme that showed the highest 
expression levels in T. harzianum IOC-3844 under the 3 analyzed conditions. The xylanase 
gene formed a cluster with a gene coding a transmembrane pth11-type coupled receptor 




regulated by LAE1, a global regulator from T. reesei that is also responsible for regulating 
the expression of cellulases and polysaccharide hydrolases [39]. A gene encoding a G-
protein-coupled receptor was identified in T. atroviride. The silencing of this gene 
significantly decreased the growth of β-linked galactooligosaccharides [40]. This feature 
might be implicated in the lactose induction of xyr, the main transactivator of a wide range 
of cell wall degrading enzymes, but further studies are required to investigate its function. 
 
Figure 7 - Schematic model of CAZy and co-regulated genes 
CAZy genes are indicated with color-filled arrows, and co-regulated non-CAZy 
genes are indicated by white arrows with contour in the same color of the CAZy genes 
with similar profiles. (A) The region of the Egl1 BAC containing Egl1 and a gene 




region of the Egl2 BAC containing a GH3 family protein, an Egl2 gene, and a GH79 
protein. (C) The region of the Egl3 BAC containing 5 CAZy genes: CE16, GT90, Egl3, 
CH37, and GT17. (D) The region of the Bgl2 BAC that contains only one CAZy, the 
Bgl2 gene. (E) The Cbh1 BAC, demonstrating that Cbh1 and swollenin are co-
induced. Two other CAZy genes (GH92 and GCase) are also present. (F) The region 
of the Xyn2 BAC containing a GH27 protein and Xy2. 
 
K-means clustering of the CAZy genes 
We also verified the expression profile via K-means clustering by exclusively 
considering the CAZy genes that were identified in all of the BACs. This analysis aimed to 
demonstrate the co-induction of CAZy on the biomass substrate and did not take into 
account the genomic region in which these genes are inserted. All of the 17 genes did not 
form clusters because some presented a unique expression profile. Here, we discuss 3 
different clusters of genes exhibiting similar expression profiles (Table 4). 
 










GH7 endoglucanase 1 
GH12 endoglucanase 3 
GT71 α-mannosyltransferase 
3 
GH1 β-glucosidase 2 




GH7 cellobiohydrolase 1 
CBM_1 swollenin 
Ten CAZy genes were divided into 3 clusters to delineate the expression profile, 
thus suggesting possible synergisms among their encoded proteins. 
 
Cluster 1 (Table 4) was formed by glucosylceramidase (GH5) and a predicted GnT-
III (GT17). The second cluster (cluster 2, Table 4) was formed by the Xyn2 gene, Egl1, 
Egl3, and the predicted α-mannosyltransferase (GT71). These genes were the highest 
expressed endoglucanases of the analyzed genes and exhibited an expression profile that 
was similar to that of Xyn2, the most expressed CAZyme in T. harzianum IOC-3844 [16].  
Finally, the third cluster (3, Table 4) contained the Bgl2, Egl2, Cbh1, and Swo 
genes. Cbh1 is the major cellulase that is produced by T. harzianum and is located in close 
vicinity to the swollenin gene. A previous study [41] reported a method for the quantitative 
determination of the non-hydrolytic disruptive activity on crystalline cellulose and verified 
that Egl2, which does not exhibit activity against crystalline cellulose, released reducing 
sugars in reaction mixtures containing Avicel when swollenin was present. Another study 
analyzed the synergism between swollenin and other cellulases/hemicellulases and verified 
an increase in xylose release when swollenin was incubated with Egl2 or with Xyn10A and 
Xyn11A (especially with the endoxylanases) using steam-pretreated corn stover as a 








This study provides the first BAC-based structural genomic information on the important 
cellulolytic fungal T. harzianum. The BAC library provided 12-fold coverage of the T. 
harzianum genome and permitted the rapid selection of genes and genomic regions that 
were associated with biomass conversion. We identified regions with a high concentration 
of CAZy genes that were previously unknown for this fungus. An analysis based on 
transcriptome data, together with the information that was provided by the BAC library 
permitted the screening of novel candidate genes that may be related to the major cellulases 
and hemicellulases in T. harzianum. Transporter genes and transcriptional factors are 
important accessories for CAZymes as these genes frequently flank CAZy genes. In 
addition, these genes exhibit expression profiles that are similar to that of the CAZy ones. 
We also analyzed the expression profiles of major cellulase and hemicellulase genes for 
this strain, revealing a potential synergistic relationship among these genes under three 
different conditions. To our knowledge, this is the first study focusing on the genomic 
context of biomass-degrading genes from T. harzianum, a promising strain for use in 
biotechnological processes. 
 
Methods      
Strains, media, and chemicals 
Trichoderma harzianum IOC-3844 was provided by Dr. Nei Pereira, Jr. (Federal 
University of Rio de Janeiro – Rio de Janeiro, Brazil). The variability in the fungal 




the sequences in the standard strains of T. harzianum (available at Institute Oswaldo Cruz, 
Rio de Janeiro, RJ, Brazil).  
The strain was maintained on potato dextrose agar (PDA; potato 200 g, dextrose 20 
g, agar 20 g, distilled water 1000 mL, pH 6.5) at 28ºC and stored in PDA slants at 4ºC. 
Prior to the BAC library construction, the fungus was grown on PDA plates at 28°C for 5 
days for conidia production. The fungal conidia (1 mL of a suspension containing 1 × 10
6
 
conidia/mL in sterile distilled water containing 1% Tween 80 v/v) were grown on 100 mL 
of potato dextrose broth (PDB) for 16 h at 28ºC and 200 rpm before preparing the 
protoplasts for the isolation of HMW (high molecular weight) DNA. All of the chemicals 
and media components were of analytical grade. 
 
High molecular weight (HMW) DNA preparation  
Protoplasts were created following previously described protocols [42, 43] with 
adaptations. After 16 hours of conidial incubation on PDB, young germlings were 
harvested by filtration through sterile Miracloth (Merck KGaA, Darmstadt, Germany) and 
washed once with sterile distilled water followed by two washes with the osmotic stabilizer 
0.6 M KCl, pH 5.6. The culture was re-suspended in Driselase (Sigma-Aldrich, USA) 
solution (5 mg/mL in 0.6 M KCl) and incubated at 28ºC at 180 rpm for 3 hours. After 
incubation, the culture was filtered through Miracloth into a centrifuge tube to remove 
mycelial fragments and washed twice with 20 mL of osmotic stabilizer to remove enzyme 
remnants by centrifugation at 500 g for 5 min at 4ºC. The final protoplast pellet was re-
suspended in 2 mL of 0.6 M KCl pH 6.5 to a concentration of ~1 × 10
8
/mL. The protoplasts 




release was performed according to Peterson (2000) [44]. The plugs were stored in 0.05 M 
EDTA, pH 8.0, at 4ºC for up to four weeks. 
 
Enzyme kinetics and size selections of HMW DNA 
To ensure the isolation of DNA of expected size, two partial restriction digests was 
performed to determine the conditions that yield an appropriate percentage of fragments 
between 100 and 350 kb. The size selections were performed according to previously 
described protocols using the HindIII enzyme (New England Biolabs, UK) [42, 44]. The 
optimal conditions were determined by digesting the chopped plugs at several enzyme 
concentrations (0.2-50 U). The macerated plug pieces were placed in 1.5-mL Eppendorf 
tubes containing appropriate buffer and HindIII enzyme and incubated on ice for 1 hour. 
Digestion was performed at 37ºC for 10 min, and the reaction was stopped by adding 30 µL 
of 0.5 M EDTA, pH 8.0.  
Partially digested HMW DNA was separated by PFGE (pulsed field gel 
electrophoresis) in 1% TBE agarose (CHEF-DR II drive module, Bio-Rad) under the 
following parameters: 120º angle, 12 ºC, 6.0 V/cm, initial switch time = 1.0 sec, final 
switch time = 40.0 sec, ramping = linear, and running time = 18 hours. Once the optimal 
HindIII concentration was determined, mass digestion was performed using 13 plugs. The 
digested HMW DNA was separated into two size selections by PFGE as described by 
Peterson (2000) [44]. 
DNA inserts that were embedded in agarose gel pieces were maintained in 50-mL 
polypropylene centrifuge tubes containing 1× TAE at 4ºC before electroelution. 
 




HMW insert DNA was removed from agarose gel slices by electroelution as 
previously described [44]. The DNA concentration was determined on an agarose gel via 
comparison with various concentrations of an uncut lambda DNA marker. Ligation was 
performed using the vector pIndigoBAC-5 (HindIII-Cloning Ready, Epicentre 
Biotechnologies) and insert DNA at a proportion of 3:1 insert/vector in a 100-µL reaction 
volume at 16ºC for 10 hours followed by enzyme inactivation at 65ºC for 20 min. The 
ligation mixture was desalted for 1 hour in 1% agarose and 100 mM glucose on ice. The 
desalted mixture (~ 65 µL) was divided into 5 equal parts and transformed into 
electrocompetent E. coli DH10B phage-resistant cells (Invitrogen) using electroporation at 
300 V. The transformed cells were immediately resuspended in 2 mL of pre-heated (37°C) 
SOC medium and incubated at 37ºC for 1 hour with shaking at 250 rpm. The transformants 
were grown at 37ºC overnight on LB that was supplemented with 12.5 mg/mL 
chloramphenicol, IPTG, and X-Gal. 
Recombinant white colonies were selected using Qpix2 (Genetix) and placed in 
384-well plates containing LB with 6% glycerol and 12.5 mg/mL chloramphenicol. The 
plates were incubated overnight at 37ºC at 350 rpm and stored at -80ºC. 
 
Insert size analysis 
To determine the T. harzianum IOC-3844 BAC library insert size, BAC DNA was 
isolated from 90 randomly selected clones cultured in 1.2-mL LB medium (tryptone 20 g, 
yeast extract 10 g, NaCl 10 g, distilled water up to 1000 ml, pH 7.2) with 12.5 mg/mL 
chloramphenicol overnight using an appropriate kit (Macherey-Nagel 740618.24). BAC 
DNA was digested with NotI (New England Biolabs, UK) at 37ºC for 6 hours and analyzed 




switch time = 15.0 sec; included angle = 120º; 12ºC; ramping = linear; running time = 16 
hours. 
 
BAC end sequencing 
Randomly selected BAC clones (n = 84) were inoculated in 2LB medium (tryptone 
20 g, yeast extract 10 g, NaCl 10 g, distilled water to 1000 mL, pH 7.2) with 12.5 mg/mL 
chloramphenicol. BAC DNA was isolated using NucleoSpin 96 Flash (Macherey-Nagel 
740618.24) following the manufacturer’s instructions. The DNA template was subjected to 
a cycle sequencing reaction with M13/T7 BAC-END primers (M13: 5’-
AACAGCTATGACCATG-3’; T7: 5’-TAATACGACTCACTATAGG-3’) using Big-Dye® 
v3.1 (Life Technologies) terminator. The reactions were performed in a 15-µL volume (5 
µL of BAC DNA, 0.5 µL of Big-Dye, 2.0 µL of 5× sequencing buffer, 0.5 µL of primer, 
and 7.0 µL of deionized water). PCR was performed in a PTC-200 Thermal Cycler (Bio-
Rad) using the following program: 95ºC for 1 min followed by 90 cycles of 95ºC for 20 
sec, 50ºC for 20 sec, and 60ºC for 4 min. The reactions were purified by EDTA/ethanol 
precipitation and analyzed using an ABI PRISM 3500 sequencer. The BAC end sequences 
were trimmed and blasted against Trichoderma harzianum CBS 226.95 v1.0 scaffolds (JGI) 
to estimate the overall distribution of the random clones within the genome. Only unique 
hits were considered.   
 
 Screening of cellulase-containing clones – Rapid selection platform 
For screening, a rapid selection platform was performed based on MDA (multiple 
displacement amplification) [45]. Briefly, 2-µL aliquots from each of the 384 clones 




6% glycerol and 12.5 mg/mL chloramphenicol and incubated for 20 to 22 hours at 37ºC 
and 40 rpm. The procedure was repeated for all 15 plates, and a 1-mL aliquot from each 
plate pool was stored at -80ºC. The plate pools were amplified using the illustra GenomiPhi 
HY DNA Amplification Kit (GE Healthcare Life Sciences, UK) following the 
manufacturer’s instructions. 
The following 7 genes related to biomass degradation were selected for screening: 3 
endoglucanases, 1 cellobiohydrolase, 1 swollenin, 1 β-glucosidase, and 1 xylanase. Primers 
were designed (Table S1) for each gene to select BAC clones for 454 sequencing. PCR was 
performed for each of the 15 amplified plate pools for the 7 genes, and positive plates were 
subjected to individual clone screening by PCR using the CFX384 Touch
TM 
Real-Time 
PCR Detection System (Bio-Rad).  
 
Sequencing and assembly of the selected BAC clones 
Briefly, 454 GS FLX sequencing was performed by the Center for Advanced 
Technologies in Genomics (CATG) at University of São Paulo, São Paulo, SP, Brazil. The 
generated reads were de novo assembled using the Phred, Phrap, and Consed program with 
quality values of 20 produced by the Phred base caller. Cross-match was used to mask the 
cloning vector and other possible E. coli sequences. The assembled BACs from the same 
screened target gene were aligned to obtain a larger BAC.  
 
Gene prediction and functional annotations 
The online tools FGENESH [46] and Augustus [47] were used for an initial gene 
prediction analysis followed by manual annotation using the Artemis Genome Browser 




database and were manually corrected when necessary. Automated annotations were 
performed with Blast2GO [49] using BLASTx with an E-value threshold of 10
-6
. All of the 
predicted gene models were functionally annotated by homology to annotated genes from 
an NCBI non-redundant set and classified according to Gene Ontology [50] and the 
InterPro signatures database [51].  
 
Expression pattern 
The predicted BAC genes were analyzed with respect to expression levels using 
RNA-seq data that were obtained from a previous work [16], in which the transcripts were 
obtained by fungal growth in three carbon sources: lactose, cellulose, and delignified 
sugarcane bagasse (DSB). The reads from the RNA-seq library were mapped against BAC 
genes using the CLC Genomics Workbench (CLC bio - v4.0; Finlandsgade, Dk) using the 
following parameters: mapping settings (minimum length fraction = 0.7, minimum 
similarity fraction = 0.8, and maximum number of hits for a read = 1) and paired settings 
(minimum distance = 180 and maximum distance = 1000, including the broken pairs 
counting scheme).  
The expression values are expressed in RPKM (reads per kilobase of exon model 
per million mapped reads). The predicted BAC genes were clustered using a K-means 
algorithm using CLC bio. The clustering was performed using Euclidian distance as the 
distance metric in 10 partitions (k = 10) for the predicted genes for each BAC according to 
the cluster features of the log2-transformed expression values. K-means clustering for 
CAZy genes was performed with same features except for the number of partitions (k = 6).  
A hierarchical clustering analysis was performed with CLC-bio using the single linkage 





Real-Time quantitative qRT-PCR analysis 
The expression levels of the BAC genes that were found in the RNA-seq library 
were validated by quantitative real-time PCR (qRT-PCR). DNaseI-treated total RNA was 
used to synthesize first-strand cDNA using the Promega ImProm-II
TM 
Reverse 
Transcription System and oligo(dT)18 according to the manufacturer’s instructions. 
Five CAZy genes (Egl1, Egl2, Egl3, Swo, and Xyn2) were selected for the qRT-
PCR analysis. A squalene-epoxidase gene (erg1) from T. harzianum, which is involved in 
ergosterol biosynthesis, was used as the reference gene and was previously established as 
the best endogenous control gene for the T. harzianum IOC-3844 strain [16]. The primers 
of all of the genes are provided in Supplemental Table S2. The reactions were performed in 
duplicate in a 384-well plate containing 3.12 µL of SYBR Green Master Mix (Invitrogen, 
Carlsbad, CA), 1.0 µL of direct and reverse primers, 0.5 µL of cDNA, and 1.6 µL of 
deionized water, totalizing 6.25 µL.  
qRT-PCR was conducted in a CFX384 Touch
TM 
Real-Time PCR Detection System 
(Bio-Rad). The real-time PCR program was conducted as follows: initial denaturation at 
95ºC for 10 min followed by 40 cycles of 15 sec at 95ºC and 60 sec at 60ºC. All of the 
PCRs were performed in duplicate, and DNase-treated RNA was used. In addition, a 
control without reverse transcriptase was included. The specificity of the amplification was 
verified by melting curves. The gene expression was calculated via the Delta-Delta cycle 
threshold method [52]. All of the statistical comparisons were performed using the 






BAC: bacterial artificial chromosome; CAZy: carbohydrate active enzyme; GH: 
glycoside hydrolase; GT: glycosyltransferase; CE: carbohydrate-esterase; CBM: 
carbohydrate-binding module; Egl: endoglucanase; Cbh: cellobiohydrolase; Bgl: β-
glucosidase; Swo: swollenin; Xyn: xylanase. 
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3. RESULTADOS COMPLEMENTARES 
3.1 Prospecção de linhagens de T. harzianum com potencial celulolítico e 
xilanolítico 
Com o propósito de aprofundar o conhecimento de regiões genômicas relacionadas à 
regulação e expressão de enzimas de T. harzianum, oito linhagens do fungo foram 
adquiridas (Tabela 2) da Coleção Brasileira de Micro-organismos de Ambiente e Indústria 
(CBMAI). Desta forma, uma análise inicial foi realizada, através de testes de atividade 
enzimática, para avaliar as possíveis diferenças nos perfis de expressão entre diferentes 
isolados de T. harzianum. 
Tabela 2 – Linhagens de T. harzianum utilizadas para prospecção de atividade celulolítica e 
xilanolítica 
Código CBMAI Taxon Código em outras coleções 
CBMAI 0010 Trichoderma harzianum Rifai, 1969 CCT 6587 
CBMAI 0020 Trichoderma harzianum Rifai, 1970 CCT 6679 
CBMAI 0084 Trichoderma harzianum Rifai, 1971 CCT 6604 
CBMAI 0099 Trichoderma harzianum Rifai, 1972 CCT 6682 
CBMAI 0178 Trichoderma harzianum Rifai, 1973 CCT 6707 
CBMAI 0179 Trichoderma harzianum Rifai, 1974 CCT 6714 
CBMAI 0180 Trichoderma harzianum Rifai, 1975 CCT 6715 
CBMAI 0844 Trichoderma harzianum Rifai, 1976   
Os isolados foram crescidos em meio de pré-inóculo para fermentação (100 mL de 
base mineral, contendo KH2PO4 20g; (NH4)2SO4 14g; uréia 3g; MgSO4.7H2O 3g; CaCl2 
3g; FeSO4.7H2O 0,05g; ZnSO4.7H2O 0,014g; MnSO4.7H2O 0,016g; CoCl2 0,02g; H2O qsp 
1000 mL, e 900 mL de meio de pré-inóculo contendo 10g de Avicel PH-101; 10g de 
glicose; 1g de peptona, 1mL de Tween 80 e água destilada qsp 900 mL – pH 5.3). Foram 
adicionados 2,0 x 10
7
 esporos de T. harzianum em 100 mL de meio de pré-inóculo. Após 




erlenmeyers de 500 mL contendo 50 mL de meio de fermentação (bagaço explodido 10g; 
peptona 1g; base mineral 100mL, Tween 80 1mL, água destilada qsp 1000 mL; pH 5.3). 
Após incubação nas mesmas condições do pré-inóculo, a atividade enzimática foi analisada 
a cada 24 horas, durante 7 dias. Uma alíquota de 1 mL de cada cultura foi centrifugada a 
4000 rpm por 10 minutos, e o sobrenadante foi utilizado como extrato enzimático. Os 
sobrenadantes foram mantidos em freezer a -20 ºC por até 2 meses. Foram realizados os 
seguintes experimentos: 
 Atividade enzimática do complexo celulolítico por atividade de papel de filtro 
(FPAse); 
 Atividade enzimática da Endoglucanase; 
 Atividade enzimática da β-glucosidase; 
 Atividade enzimática da Xilanase 
As análises enzimáticas de FPAse, endoglucanase e xilanase foram determinadas por 
método de quantificação de açúcares redutores pelo uso de ácido dinitro salicílico (DNS) 
(Miller, 1959). As concentrações de extrato enzimático/tampão/substrato foram as 
seguintes: 
- Endoglucanase: 20 µL de extrato enzimático + 30 µL de tampão* + 50 µL de tampão com 
CMC a 0,5%; 
- FPAse: 50 µL de extrato enzimático + 100 µL de tampão* + 5mg de papel de filtro; 
- Xilanase: 20 µL de extrato enzimático + 30 µL de tampão* + 50 µL de tampão com 
xilana a 0,5%; 




Após incubação a 50ºC por 30 minutos (endoglucanase e xilanase) e 60 minutos 
(FPAse), procedeu-se com o teste de DNS para verificação de açúcares redutores. As 
análises foram realizadas em duplicata, e a leitura foi realizada em espectrofotômetro com 
comprimento de onde de 540 nm. 
 Para a atividade de β-glucosidase, foi utilizado o método de p-NPG (p-nitrofenil-β-
D-glicopiranosídeo) (Chauve et al., 2010). Este método baseia-se na quantificação estimada 
de p-nitrofenol (p-NP) liberado após ação da enzima β-glucosidase sobre o p-NPG. O 
extrato enzimático (5 µl) foi adicionado a 50 µl de solução de p-NPG 5mM e 45 µl de 
tampão citrato 50 mM a pH 4,8; e a mistura foi incubada a 50ºC por 30 minutos. Ao final 
do período de incubação, a reação foi interrompida com 100 µl de solução de carbonato de 
sódio 1M e a leitura da absorbância foi realizada em espectrofotômetro a 400 nm. As 
análises foram realizadas em duplicata. Os perfis de atividade enzimática das 8 linhagens 
de T. harzianum (Tabela 2) estão demonstrados nos gráficos a seguir (Figuras 4A, 4B, 4C e 
4D), juntamente com o perfil de T. harzianum IOC-3844, também utilizado a nível de 
comparação. 




4B Produção de xilanase 








































4C Produção de β-glucosidase 
 



















































































Figura 4 – Comparação de atividade enzimática entre linhagens de T. 
harzianum utilizando bagaço de cana explodido delignificado como substrato 
celulósico. Foram utilizados gráficos de tendência, com a atividade enzimática dada 
em porcentagem, quando comparada à linhagem IOC-3844, que apresentou os 
maiores níveis de atividade enzimática em todos os testes realizados. 
 
Nas condições avaliadas, os resultados iniciais mostram a diferença de atividade 
enzimática existente entre diferentes isolados de uma mesma espécie. As linhagens 
CBMAI-0010 e CBMAI-0020 apresentam níveis de atividade enzimática inferiores quando 
comparadas às linhagens IOC-3844, CBMAI-0844 e CBMAI-0180. Estes dados reforçam a 
necessidade de estudos a nível genômico de T. harzianum, de forma que serão utilizados na 

































3.2 Expressão heteróloga de enzimas envolvidas na hidrólise de celulose 
 A partir dos resultados obtidos no trabalho de doutorado expostos no Capítulo II, 
foram selecionados alguns genes para clonagem em sistema de expressão procarioto. O 
objetivo nesta etapa é a expressão da celobiohidrolase I, da swollenina, e da 
glicosilceramidase, cujos genes são encontrados em sequência numa região genômica de T. 
harzianum IOC-3844 (Figure 7E, página 43). As enzimas expressas serão purificadas, 
caracterizadas e terão sua atividade testada com diferentes substratos, além de testes de 
sinergismo.  
 Os genes foram amplificados a partir do DNA complementar do fungo (Figura 5), e 
clonados em E. coli, utilizando vetor de expressão tipo pET. Testes iniciais de expressão 
foram conduzidos, e a purificação da proteínas está em fase de otimização (Figura 6). Os 
primers utilizados para clonagem estão expostos na Tabela 3. 
  
Figura 5 – Amplificação de genes a partir do cDNA de T. harzianum IOC-3844. (Esq) 
amplicon correspondente ao gene da celobiohidrolase I; (Centro) amplicons 





Tabela 3 – Primers desenhados a partir de genes oriundos da biblioteca de BAC de T. 




Figura 6 – Gel de SDS-PAGE após purificação da swollenina expressa por E. coli. 









CBHI-D-NdeI celobiohidrolase I  NdeI  CAGCATATGCAGCAGGTCTG 
CBHI-R-XhoI celobiohidrolase I  XhoI AACTCGAGTTACAGGCACTGAGA 
SWO-D-NdeI swollenina  NdeI AGTATCATATGGGCCAATGTGG 










4. DISCUSSÃO  
Sendo o Brasil um país com uma das maiores biodiversidades do planeta, há milhares 
de microrganismos com grande potencial para aplicação em processos industriais 
relacionados às reações de biodegradação de lignocelulósicos, dos quais muitos ainda não 
foram explorados. Entre esses microrganismos destaca-se o fungo Trichoderma harzianum. 
Estudos anteriores demonstraram que a linhagem T. harzianum IOC-3844 produz diferentes 
enzimas capazes de promover a sacarificação de materiais lignocelulósicos (Maeda et al., 
2011, de Castro et al., 2010). Assim, a motivação principal deste trabalho foi contribuir 
para a ampliação do conhecimento desta espécie, a nível genômico. Apesar de este fungo 
ser promissor para a produção de enzimas fundamentais para a sacarificação da biomassa 
lignocelulósica, os trabalhos existentes focam na caracterização das enzimas expressas, 
além da clonagem heteróloga de um pequeno número de genes. Há uma escassez na 
literatura de trabalhos que estudem o contexto genômico onde estes genes se inserem. Desta 
forma, acreditamos que a informações obtidas nesta tese de doutorado possam suprir a 
necessidade de informações genéticas desta espécie de fungo, com foco em genes 
relacionados à degradação de compostos lignocelulósicos. 
Durante o processo enzimático, a hidrólise da biomassa é catalisada por uma grande 
variedade de enzimas, com diferentes especificidades, necessárias para a degradação dos 
componentes dos materiais lignocelulósicos. Muitos trabalhos exploram a cooperação 
sinérgica de diferentes enzimas para a bioconversão de lignocelulósicos (Van Dyk and 
Pletschke, 2012, Gilbert et al., 2008, Gilbert, 2010). Ainda assim, existem evidências de 
que muitas outras proteínas podem contribuir para a degradação de lignocelulose, como as 




Harris et al., 2010, Merino and Cherry, 2007); além genes regulatórios, como repressores 
catabólicos do tipo “CREA” (Kulmburg et al., 1993) e fatores de transcrição (Häkkinen et 
al., 2014). Neste sentido, a construção de uma biblioteca de BACs, com cobertura de mais 
de 10 vezes o genoma do fungo, pode ser considerada uma grande contribuição para grupos 
de pesquisa que trabalhem com esta linhagem. Além disso, a disponibilização das 
sequências de seis regiões genômicas desta linhagem, de aproximadamente 150 kb cada 
uma, pode também ser útil para estudos variados envolvendo quaisquer genes ou outros 
elementos regulatórios de interesse que encontram-se inseridos nestas regiões. 
 O uso do transcriptoma, combinado com as sequências obtidas dos BACs, mostrou-
se um método inédito e eficiente na identificação de novos potenciais genes envolvidos na 
via de degradação de compostos celulósicos e hemicelulósicos. Genes com perfil de 
expressão similar em diferentes tratamentos, e que se encontram proximais no genoma, 
sugerem uma provável relação de participação em uma mesma via. Assim, os genes 
identificados e listados no artigo presente no Capítulo II da tese contribuem para o 
direcionamento de novas pesquisas que possam confirmar a provável relação sinergística de 
seus produtos em um determinado contexto. Algumas celulases de linhagens de T. 
harzianum já foram isoladas ou seus genes clonados e expressos para estudar sua atividade 
hidrolítica (Franco and Ferreira, 2004, Yun et al., 2001, Generoso et al., 2012). A linhagem 
tipo C4 possui quatro endoglucanases, duas celobiohidrolases e uma ß-glucosidase, sendo 
que a maior parte da atividade celulolítica se deve a ação combinada de todas essas enzimas 
juntas, contudo, a ß-glucosidase desempenha um papel central na hidrólise (Yun et al., 
2001). Já a produção de β-xilanases, β-xilosidases e α-arabinofuranosidases foi realizada 
em meios de cultura sólido, usando fontes de carbono complexas como o bagaço de cana, e 




mostrando alta atividade enzimática e estabilidade a temperaturas que alcançam 50ºC e pH 
5,0 (Rezende et al., 2002). Já a complexidade do secretoma de T. harzianum T4 e suas 
variações em resposta a diferentes fontes de carbono (glicose, celulose, xilana, bagaço de 
cana-deaçúcar) foram exploradas por meio da análise proteômica dos filtrados obtidos do 
cultivo do fungo. Observou-se uma diferença notável na colonização do substrato, nas 
atividades enzimáticas e nos perfis 2D do secretoma. As amostras provenientes do ensaio 
com bagaço de cana foram as que apresentaram as maiores atividades enzimáticas. Ensaios 
de espectrometria de massas identificaram duas proteínas associadas ao metabolismo de 
carboidratos e glicoproteínas (Mendoza, 2009).  
Um trabalho recente (Momeni et al., 2013) estudou a estrutura protéica de 
celobiohidrolases da família das glicosil-hidrolases GH7 de diferentes fungos degradadores 
de biomassa, incluindo o T. harzianum, e determinou diferenças na estrutura dos domínios 
catalíticos. Essas enzimas possuem semelhanças na estrutura tridimensional, porém 
apresentam diferenças no comprimento e na sequência de loops ao longo do domínio de 
ligação à celulose. Essas diferenças podem variar a acessibilidade dos sítios ativos e afetar 
a dinâmica dos movimentos dos loops, influenciando a interação enzima-substrato, a 
inibição pelo produto e as reações de iniciação e de liberação do produto (Momeni et al., 
2013). Isso pode explicar os diferentes parâmetros enzimáticos entre as enzimas chaves 
para a degradação de biomassa de diferentes microrganismos. Essas diferenças podem ser 
detectadas através do estudo das regiões do genoma que codificam tais domínios 
catalíticos, e que portanto, interferem na expressão gênica. Assim, o conhecimento das 
sequências genômicas associadas aos genes de interesse, pode também contribuir para o 
estudo da regulação da expressão destes genes. 




degradativa e de biocontrole deste fungo, o seu genoma completo permanece desconhecido. 
No banco de dados do NCBI, não existe o sequenciamento completo deste fungo, e até o 
momento poucas sequências de celulases de T. harzianum foram depositadas no Genbank 
(P48793.1, Q9P8P3.1, FJ589724.1, EU747838.1). Um consórcio de laboratórios ligados ao 
departamento de energia americano chamado DOE Joint Genome Institute (JGI) fornece 
informações parciais sobre genes, proteínas, transcritos e genoma deste fungo (porém, são 
dados da linhagem CBS 226.95, diferente da linhagem foco deste trabalho IOC3844), na 
forma de scaffolds. Os scaffolds disponibilizados publicamente são formados pelos contigs 
gerados após a montagem de sequências menores, e possuem falhas (gaps), representadas 
na sequência disponibilizada por série de “N”s, o que significa que não se conhece a 
sequência exata nestas regiões. A posição exata dos scaffolds no genoma é desconhecida. 
Portanto, scaffolds representam dados incompletos e parciais do genoma que não podem ser 
utilizados sem a realização de sequenciamentos adicionas que possam complementá-los. 
Estes dados estão depositados no GOLD (Genomes Online Database), porém, o status dos 
projetos de sequenciamento que os geraram permanece incompleto, assim como as 
sequências que representariam o genoma completo do fungo no formato de scaffolds. 
Portanto, estas sequências disponibilizadas não são ideais para utilização em estudos tal 
como estão, por não apresentarem as informações necessárias em quantidade e qualidade 
adequadas. 
 Experimentos adicionais, utilizando outras oito linhagens de T. harzianum, 
puderam demonstrar as diferenças significativas no processo de degradação de bagaço de 
cana, apontando como fungos de uma mesma espécie podem apresentar diferentes níveis de 
expressão enzimática frente a um mesmo composto celulósico. Desta forma, mostra-se 




funções moleculares que possibilitam o uso de certa linhagem para fins biotecnológicos. O 
conhecimento do contexto genético onde se situam genes de interesse resulta na ampliação 
do leque de possibilidades de exploração de todo potencial biotecnológico de um 
determinado organismo. 
 Por fim, foram selecionados alguns dos potenciais genes regulatórios identificados 
neste trabalho para expressão heteróloga. Testes funcionais de seus produtos serão 
realizados a fim de se obter coquetéis enzimáticos mais eficientes e com custo reduzido 
para produção em larga escala no processo de fabricação do bioetanol de segunda geração. 
Alguns genes, como o da swollenina, já foram clonados em sistema de expressão 
bacteriano (E. coli), e estão em fase de caracterização de seu produto, enquanto outros 
serão selecionados para clonagem e caracterização.  
Desta forma, concluímos que os dados obtidos neste trabalho, considerando o artigo 
gerado e os futuros trabalhos com os genes identificados, trazem um grande avanço à 













5. RESUMO DOS RESULTADOS E  PERSPECTIVAS 
 Trichoderma harzianum é um fungo conhecido e extensivamente estudado por sua 
atividade de biocontrole, sendo capaz de eliminar fungos fitopatógenos em plantações. Nos 
últimos anos, a espécie vem ganhando destaque devido à sua atividade celulolítica, com 
potencial uso biotecnológico de suas enzimas. T. harzianum IOC-3844 é uma linhagem 
brasileira que possui características apropriadas para produção de coquetéis enzimáticos 
para degradação de biomassa como o bagaço de cana-de-açúcar, como alguns trabalhos 
prévios já demonstraram. Porém, há uma escassez de estudos genéticos sobre a espécie, 
com relação aos genes e regiões genômicas envolvidas na produção destas enzimas. Assim, 
o presente trabalho possibilitou um grande avanço na compreensão básica do contexto 
genômico onde genes relevantes para hidrólise de biomassa se inserem em T. harzianum 
IOC-3844. 
 O acesso a grandes regiões genômicas, através da biblioteca de BACs, juntamente 
com o uso de dados de RNA-seq oriundos de um trabalho complementar (Anexo), forneceu 
informações inéditas sobre genes de interesse biotecnológico de T. harzianum: 
• Assim como em T. reesei, os genes “CAZy” estão agrupados espacialmente no 
genoma de Trichoderma harzianum, numa concentração de aproximadamente 4.5 
vezes acima do esperado (caso fossem encontrados aleatoriamente no genoma). 
• Genes com função de transporte e elementos de transcrição estão relacionados à 
expressão de celulases e hemicelulases, já que frequentemente encontram-se em 
regiões proximais aos genes CAZy, além de apresentarem perfil de expressão 




• Os genes que codificam uma celobiohidrolase I, uma swollenina e uma 
glicosilceramidase estão situados numa região proximal no genoma de T. harzianum 
IOC-3844, de forma consecutiva. Os genes de celobiohidrolase I e swollenina 
apresentam mesmo perfil de expressão entre diferentes tratamentos, o que indica 
que participam da mesma via, porém o gene da glicosilceramidase apresenta perfil 
distinto. Em T. reesei, trabalhos anteriores afirmam que esses três genes são co-
induzidos, o que mostra uma diferença entre as espécies.  
• A combinação de dados genômicos dos BACs com dados do transcriptoma se 
mostrou um método promissor para identificação de genes regulatórios e estudos 
genômicos de regiões de interesse em organismos com insuficientes dados genéticos 
disponíveis. 
As informações obtidas no presente trabalho possibilitaram a identificação de novos 
prováveis genes regulatórios, de forma que análises adicionais são necessárias para 
confirmar o papel desses genes. Além dos genes expostos no artigo, identificados a 
partir do perfil de expressão quando comparados aos genes CAZy proximais, existem 
outros genes situados em proximidade a CAZy que podem exercer alguma função 
relacionada à hidrólise de biomassa. A curto e médio prazo deverão ser intensificadas 
ações de pesquisa objetivando expressar as proteínas codificadas por alguns dos genes 
identificados nos BACs para testes funcionais. Além disso, novas linhagens de T. 
harzianum também deverão ter suas regiões genômicas analisadas e comparadas à 
linhagem IOC-3844, o que ampliará o entendimento sobre a regulação de expressão 








A análise de regiões genômicas específicas, efetivamente mostrou que elas possuem 
agrupamentos gênicos responsáveis pela capacidade celulolítica de T. harzianum, 
possibilitando também, a identificação de novos potenciais genes regulatórios 
participantes da hidrólise enzimática de compostos celulósicos por T. harzianum.  
 
A combinação de dados genômicos de T. harzianum IOC-3844 com os dados de 
expressãogênica global da mesma linhagem, apontou a existência de enzimas com 
grande potencial hidrolítico e suas prováveis atuações sinergísticas na degradação de 
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I. Construção da Biblioteca de BACs 
a. Obtenção de protoplastos – DNA de alto peso molecular (HMW-DNA) 
 






c. Primeira Seleção de Tamanho 
 








e. Recuperação e Quantificação do DNA 
 
 
f. Extração plasmidial para verificação dos tamanhos dos insertos*  
 
Média A= 92kb; média geral:
 ~
90 kb (fragmento A). Os fragmentos B e C, apesar de 
apresentarem média de insertos maiores, apresentaram vários clones “vazios”, o que não é 
interessante para a construção da biblioteca por cair o rendimento da mesma. 
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III. Artigo de Pesquisa referente ao Transcriptoma de T. harzianum 
IOC-3844, realizado em trabalho de Doutorado concomitante 
ao presente trabalho, e utilizado para análise de expressão de 




























The fungus Trichoderma harzianum is a well-known biocontrol agent [1],[2]. Most previously published 
genetic studies concerning this organism have explored its molecular mechanisms of biocontrol. This 
biocontrol ability enables the fungus to identify and degrade cell walls, and the mechanisms that underlie 
these processes were explored in the present study.  
Several studies have suggested that T. harzianum may be utilized for the production of hydrolytic enzymes 
from a cellulolytic complex [3],[4],[5],[6], due to its ability to produce high levels of both β-glucosidase and 
endoglucanases [7]. These studies have demonstrated that this fungus is a potential source of hydrolytic 
enzymes and may aid in understanding the transcriptional regulation of biomass degradation by filamentous 
fungi. The utilization of sugarcane bagasse as a biomass for the production of second-generation ethanol 
requires its degradation into mono-oligosaccharides and small oligosaccharides that may be metabolized by 
ethanol-producing yeast. The major bottleneck for this process is the enzymatic hydrolysis of sugarcane 
bagasse [8]. The hydrolytic effectiveness of an enzymatic mixture is highly dependent on the feedstock and 
any pretreatment it has received [9]. A strategic issue to be considered during the development of enzymatic 
mixtures optimized for second-generation ethanol production is the cultivation of microorganisms utilizing 
the lignocellulosic material that will be hydrolyzed. This cultivation method may select for enzymes that are 
optimal for the hydrolysis of a specific feedstock [9],[10]. One of the primary mechanisms of the adaptive 
processes of cells in a complex medium is the alteration of transcription levels, which can lead to the 
production of specialized proteins, differences in membrane composition and other changes in cellular 
machinery [11]. 
A large variety of enzymes with different specificities are required to degrade the components of 
lignocellulose [10],[12],[13],[14]. However, many other proteins may also contribute to lignocellulose 
degradation in ways that are not yet clearly understood, such as the glycoside hydrolase family 61 proteins, 
the expansins and the swollenins [10],[14],[15]. Three types of enzymes are required to hydrolyze cellulose 
into glucose monomers: exo-1,4-β-glucanases, such as EC 3.2.1.91 and EC 3.2.1.176 (cellobiohydrolase); 
endo-1,4-β-glucanases, such as EC 3.2.1.4; and β-glucosidases, such as EC 3.2.1.21 (cellobiases) [10],[16]. 
Cellobiohydrolases attack the reducing or nonreducing ends of the cellulose chains, whereas endo-glucanases 
cleave these chains in the middle and reduce the degree of polymerization [10],[17]. The composition of 
hemicellulose is more variable than that of cellulose; therefore, more enzymes are required for its effective 
hydrolysis. The enzymes that degrade hemicellulose can be divided into depolymerizing enzymes, which 
cleave the backbone of the molecule, and enzymes that remove the substituent of the molecule, which may 
sterically hinder the depolymerizing enzymes. The core enzymes for the degradation of xylan to monomers 
are the endo-xylanases, which cleave the xylan backbone into shorter oligosaccharides, and β-xylosidase, 
which cleaves short xylo-oligosaccharides into xylose. Similarly, the core enzymes for the degradation of 
mannan are endo-mannanase and β-mannosidase. However, xylans and mannans generally contain a number 
of different substituents linked to their main backbones, including arabinose, acetyl groups, galactose and 
glucose. A host of ancillary enzymes are required to remove these substituents and allow the core enzymes to 




glucuronidase, ferulic acid esterase, α-galactosidase, feruloyl esterase, acetyl xylanesterase and acetyl 
mannan esterase. The ferulic acid esterases specifically cleave the linkages between hemicellulose and 
lignin. The α-L-arabinofuranosidases also possess different specificities; some cleave 1,2 linkages or 1,3 
linkages, whereas others cleave doubly substituted arabinose residues from arabinoxylan [10],[18].  
Fungi from the genera Trichoderma, Penicillium, Aspergillus and Humicola grisea var. thermoidea degrade 
lignocellulose components, including sugarcane bagasse [8]. These fungi can degrade cellulose, 
hemicellulose and lignin in decaying plants using a complex set of excreted hydrolytic and oxidative 
enzymes, including glycosyl hydrolases from different families [10]. Although many studies have been 
conducted to characterize the action of the enzymes involved in lignocellulose degradation, little is known 
regarding the transcription and genomic regulation of the genes that encode these enzymes. Trichoderma 
reesei is the major industrial source of the cellulases and hemicellulases that are utilized in the 
depolymerization of biomass to simple sugars, which are then further converted into chemical intermediates 
and biofuels. Unexpectedly, despite the industrial utility and effectiveness of the carbohydrate-active 
enzymes of T. reesei, the genome of this species encodes fewer cellulases and hemicellulases than that of any 
other sequenced fungus that can hydrolyze plant cell wall polysaccharides [19],[20]. Thus, a better 
understanding of the genetic mechanisms of this fungus is necessary to explore its extraordinary 
biotechnological potential. The present study analyzes the transcriptome of T. harzianum IOC-3844 grown in 
a sugarcane bagasse-based culture medium and the induction of hydrolytic activity in this medium, with 
particular emphasis on the potential contributions of the fungus to fuel biotechnology and other industrial 
applications. This organism is available in public collections, and studies addressing the mechanisms of 
regulating and gene expression in this fungus are important to make its use in biotechnological processes 
viable. This work seeks to contribute to the understanding of the reactions involved in biomass degradation 
at the enzymatic level and will serve as the basis for other studies exploring the biotechnological potential 
presented by T. harzianum. The primary goal of these analyses was to identify, characterize and catalog the 
transcripts expressed by T. harzianum that are involved in the degradation of complex substrates, thereby 
revealing the complexity of the hydrolytic pathways involved in biomass degradation. 
 
Materials and Methods 
 
Regarding the Ethics Statement, we confirm that no specific permits were required for the present studies. 
Additionally, we confirm that the field studies did not involve endangered or protected species. 
 
Strain and Culture Media  
The T. harzianum IOC-3844 strain used in this study was provided by Professor Dr. Nei Pereira Jr. (Federal 
University of Rio de Janeiro, Rio de Janeiro, Brazil). The species was confirmed by comparing its ITS1 and 
ITS2 sequences with those of standard strains of T. harzianum. (available at Institute Oswaldo Cruz, Rio de 




UNICAMP, Campinas, SP, Brazil). The stock cultures were stored at 4°C on potato dextrose agar (PDA) 
slants. The fungi were grown on PDA plates (90 x 15 mm) at 29°C for 8 days. 
The composition of the basal medium was adapted from Mandels and Weber (1969) [21] and included (g L
-
1
) KH2PO4 (2.0), NH4SO4 (1.4), MgSO4·7H2O (0.3), CaCl2·2H2O (0.3), CoCl2 (0.002), MnSO4·H2O 
(0.0016), ZnSO4·H2O (0.0014), FeSO4·7H2O4 (0.005) and urea (0.3). The pH was adjusted to 5.2. Three 
different preculture media for mycelial production were prepared from the basal medium through the 
addition of 2 g L
-1
 glucose, 1 g L
-1
 peptone, 1 mL L
-1
 Tween 80 and 10 g L
-1 
of a carbon source. The carbon 
sources used in the three preculture media were lactose, crystalline cellulose and delignified sugarcane 
bagasse (DSB, from a local mill, Usina Vale do Rosário, Orlândia, SP, Brazil), which was prepared and 
characterized according to Rocha et al. (2012) [22]. The percentage composition of the DSB was 89.5 ± 1.6 
cellulose, 3.4 ± 0.3 hemicellulose and 5.5 ± 0.2 lignin [4]. The preculture media were sterilized at 121°C for 
20 min. 
The production medium was composed of the basal medium, 10 g L
-1
 DSB as a unique carbon source, 1 g L
-
1
peptone and 1 mL L
-1
 Tween 80; the medium was then sterilized at 121°C for 20 min. All other chemicals 
were of at least analytical grade. The following libraries were classified based on the preculture media: the 
"DSB" library was generated from a preculture medium that contained DSB, the "CEL" library was 
generated from a preculture medium that contained crystalline cellulose, and the "LAC" library was 
generated from a preculture medium that contained lactose. This latter condition was designated as the 
control. 
 
Preculture and fermentation 
Conidial suspensions were prepared through the addition of sterilized distilled water and Tween 80 to the 




. After preparation, 4.0 mL of each 
conidial suspension was transferred to Erlenmeyer flasks containing 600mL of each preculture medium, and 
the flasks were incubated for 72 h at 29°C on a rotary shaker at 200 rpm. A volume of 30 mL of each 
medium was transferred to individual Erlenmeyer flasks containing 270 mL of the production medium. The 
flasks were incubated at 29°C for 129h on a rotary shaker at 200 rpm. Samples of the mycelia and the 




The filter paper activity (FPase) was determined as described by Ghose (1987)[23], with modifications to 
diminish the scale of the procedure by a factor of 10. All statistical comparisons were done using Student’s t 
test (P < 0.05). 
 
RNA extraction and transcriptome sequencing  
The mycelial samples from the LAC, CEL and DSB conditions were extracted after 96 h of fermentation, 




(1985) [24] with some modifications. Two grams of each mycelial sample was frozen using liquid nitrogen 
in a mortar and ground with a pestle into a fine powder. Next, NTES buffer (4.5 mL, 0.1 M NaCl, 0.01 M 
Tris-HCl at pH 7.5, 1 mM EDTA and 1% SDS) and phenol/chloroform/isoamyl alcohol [3 mL of a 1:1:1 
mixture] were added, and the sample was ground until the mixture had thawed. After vortexing for 10 min, 
the solution was centrifuged at 8,000 rpm for 10 min at 4°C. To the aqueous phase, 3 mL of 
phenol/chloroform/isoamyl alcohol [1:1:1 mixture] was added, and the solution was centrifuged at 8,000 rpm 
for 10 min. The aqueous phase was then removed, and the nucleic acid was precipitated through the addition 
of a 0.1 volume aliquot of 2 M NaAc, pH 4.5, and two volumes of 100% ethanol. The precipitate was 
centrifuged at 8,000 rpm for 10 min, and the pellet was resuspended in 2.5 mL of sterile water. To remove 
the DNA, 2.5 mL of 4 M LiAc was added, and the solution was incubated for 48 h at -20°C. The precipitate 
was collected by centrifugation at 8,000 rpm for 10 min, then washed with 70% ethanol, resuspended in 50 
μL of sterile water and stored at -70°C.  
The RNA samples were quantitated using a fluorescence-based method, and their quality was determined 
using a 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). 
The libraries were constructed using 4 µg of each RNA sample and the TruSeq RNA sample preparation kit 
(Illumina Inc., San Diego, CA) according to the manufacturer’s instructions. The expected target sizes were 
confirmed using a 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA), and the libraries were quantified 
using qPCR. The average insertion size was 260 bp. The clustering was conducted using 10 µM of each 
library and a TruSeq PE Cluster Kit on cBot (Illumina Inc., San Diego, CA). The sequencing was performed 
on the Illumina Genome AnalyzerIIx, which is a next-generation high-throughput sequencer (Illumina Inc., 
San Diego, CA), according to the manufacturer’s specifications for paired-end reads of 72 bp in individual 
lanes. 
 
Downloading and processing the sequence data 
After the sequencing was completed, the data were transferred to a local high-performance computing server 
at CBMEG (University of Campinas, Campinas, Brazil). The results were submitted to NCBI under 
accession number SRX189214, and the raw sequences (archives of paired and paired-end sequences) were 
submitted to the NCBI Sequence Read Archive (SRA) under accession numbers SRR579379, SRR631745 
and SRR631746 for the DSB, CEL and LAC libraries, respectively. Initially, all sequences were trimmed. 
We utilized the CLC Genomics Workbench (v4.0; Finlandsgade, Dk) to perform the reads trimming, and 
parameters were set to: quality limit: 0,03; ambiguous limit: 2; minimum final number of nucleotides in 
reads: 65; phred scale: 15. De novo assembly was conducted using CLC Genomics Workbench (v4.0; 
Finlandsgade, Dk) with the following parameters: similarity=0.98 and length fraction=0.9. The resulting 
contigs were compared with the NCBI non-redundant protein database (NR) using BLASTto identify 
homologous sequences [25], with an E-value cutoff of ≤ l e-5. The sequences were functionally annotated 
according to Gene Ontology terms [26], and the annotations were compared with the Kyoto Encyclopedia of 
Genes and Genomes [28] to establish biochemical pathway associations using Blast2Go, which is a universal 




Enzymes (CAZymes) databaseto identify glycosyl hydrolases [29],[30],[31],[32],[33], glycosyltransferases 
[34],[35], carbohydrate-binding modules [36] and carbohydrate esterases [37].The T. harzianum IOC-3844 
genome was provided by Dr. Reginaldo M. Kuroshu (University of São Paulo, São Carlos, Brazil). Only the 
best alignments showing expectation values lower than 1x10
-5
 were considered for functional gene 
annotation. To compare the transcript sequences with the genome and CAZyme datasets, CLC Genomics 
Workbench was used. The archive of the assembly scaffolds for T. harzianum CBS 226.95, which is 
available on JGI (sequence data produced by the US Department of Energy Joint Genome Institute in 
collaboration with the user community) [38], was used to calculate the similarity between the data. 
 
Expression pattern  
A paired Kal’s t-test was conducted on the log2-transformed data to determine whether significant 
differences existed between the expression ratios found in each treatment and the control. Contigs were 
identified as being differentially expressed in upregulated groups when significance was detected with a false 
discovery rate lower than 1 x 10
-3
. Hierarchical clustering analysis and K-means clustering were performed 
on the CAZymes that were identified as being differentially expressed. Clustering was performed using 
Euclidean distance as the distance metric in three partitions according to the cluster features, on the 
transformed expression values. 
 
Real-Time PCR analysis  
To validate the expression profiles of the assembled genes obtained through sequencing data analysis, 
quantitative real-time (RT-qPCR) was performed for selected genes. Genes associated with biomass 
degradation processes were selected and are shown in Supplementary Table S1, together with the primers 
and annealing temperatures. 
Quantification of gene expression was performed by continuously monitoring SYBR Green fluorescence. 
The reactions were performed in triplicate in a total volume of 6.25 µl. Each reaction included 3.12 µl of 
SYBR Green Master Mix (Invitrogen, Carlsbad, CA), 1.0 µl of direct and reverse primers, 0.5 µL of cDNA 
and 1.6 µl of water. The reactions were assembled in 384-well plates. PCR amplification-based expression 
profiling of the selected genes was performed using a gene for squalene-epoxidase as endogenous control. 
Four genes were tested as endogenous control: genes for actin, beta-tubulin, glyceraldehyde 3-phosphate 
dehydrogenase, and squalene-epoxidase. The last one had the best performance in RT-qPCR analysis, 
remaining constant in all treatments. The enzyme squalene-epoxidase catalyses the conversion of squalene to 
2,3-(S) oxidosqualene, which is an intermediate in the synthesis of the fungal cell membrane component 
ergosterol. RT-qPCR was conducted in an ABI PRISM 7500 HT (Applied Biosystems, Foster City, CA). 
Gene expression was calculated via the Delta-Delta cycle threshold method [47]. All statistical comparisons 
were done using Student’s t test (P < 0.05). The obtained RT-qPCR results were in agreement with the RNA 
expression analyses of the generated assemblies. The same expression profile was observed for the genes 






Figure 1. Expression profiles of selected glycosyl hydrolase genes determined by RT-qPCR. The 
squalene-epoxidase gene was used as endogenous control. The differences between groups were 
considered significant at P<0.05 (Student’s t test) and are indicated by  *. 
 
Results 
Enzymatic Activity Profile 
The FPase was evaluated to determine the enzymatic activity profile of the cellulases during 129 h of 
fermentation (Figure 2) using DSB as a carbon source. RNA was isolated from the mycelia at 96 h of 
cultivation; this time point was associated with a significant production of FPase (0.53 FPU mL
-1
) 
(Figure 2). This 96 h cultivation period included a 48 h adaptation phase. Previous studies have 
indicated that the enzymatic activity of this fungus, as measured by cellulase production, is lower when 
grown on soluble carbon sources than when grown on DSB, and these results are in agreement with the 
present study [4]. The substrate acts as both an adhesion surface and as fermentable biomass for the 
fungi, and it activates the synthesis of hydrolytic complexes. 
The increased FPase activity indicated the enhanced ability of the fungus to metabolize and degrade 
compounds in the biomass. The maximum activity was observed between 72 and 96 h, after which the 
activity was repressed due to the formation of degradation products. 
To identify the origin of the enzymatic activity in the extracts, we evaluated the transcriptome 










). T. harzianum fermentation on a 
complex substrate (DSB) from extracts grown on preculture media using DSB (∆), cellulose (◊) or 
lactose (□) as the carbon source. The differences were considered significant at P<0.05 (Student’s t-test) 
and are indicated by (a) for cellulose, (b) for DSB and (c) for lactose samples. 
 
Sequencing assembly 
In total, 246 million raw sequencing reads were generated with a target length of 72 bp (Table 1). After 
quality trimming, 84.11% of the data were retained for a total of 14.7 Gbp of sequencing data. De novo 
assembly using trimmed reads from all libraries resulted in 32,494 contigs, with an N50 of 1,251 bp. 
The assembled transcripts redundancy was determined through CD-HIT-EST. After this analysis, the 
final number of contigs was 32,396. 
 
Table 1. Results of next-generation sequencing, trimming analysis, de novo assembly and mapping. 
The raw reads were de novo assembled to generate contigs for further analysis and annotation.  
Library DSB CEL LAC Length (bp) N50 
Number of Raw reads 81,705,758 84,301,646 80,468,986 72.0  
Number of trimmed reads 68,720,401 68,644,205 67,912,155 71.8  
Single reads 5,820,501 6,451,047 5,586,409   
Paired reads 62,899,900 62,193,158 62,325,746   
Number of Mapped reads 28,377,065 28,663,344 29,343,868   
Single reads 2,463,163 2,803,982 2,477,029   
Paired reads 25,913,902 25,859,362 26,866,839   
Unmapped reads 40,343,336 39,980,861 38,568,287   
Single reads 3,357,338 3,647,065 3,109,380   




      
Contigs 32,494    1,251 
CD-HIT-EST contigs 32,369     
 
Analysis of the transcriptome under the influence of sugarcane bagasse as a substrate 
Transcript profiling is an important strategy for studying the expression of large gene sets under 
particular conditions. To determine the influence of the complex sugarcane bagasse substrate on gene 
expression, the contigs generated from the de novo assembly of the transcriptome were analyzed. The 
generated assembly was compared with the archive of the assembly scaffolds for T. harzianum CBS 
226.95 [38], which demonstrated a similarity of 96% with the contigs derived from the assembly of the 
transcriptome. To identify the responses of the transcriptome under the different conditions tested, the 





Figure 3. Molecular functions, biological process distribution and cellular localization of the 
transcriptome assembly. Contigs were assigned putative classifications based on homology and 
evaluated for their predicted involvement in molecular functions (A), biological processes (B) and 






Figure 4. Identified sequences that catalyze reactions that are potentially involved in biomass 
degradation. The results of identification based on homology using the NCBI NR database indicate the 
presence of genes that are related to the depolymerization of biomass in the transcriptome.  
The high number of sequences generated in this study, which were produced only through the use of 
next-generation sequencing, allows a precise overview of the different biological processes that occur in 
an organism at a given moment, and classifying these sequences allows for analysis of the genes that 
may be involved in biomass degradation. Sequences that were classified as possessing catalytic activity 
(6,975) or regulating enzymatic activity (143) may be involved in biomass degradation. When analyzed 
according to biological processes, the majority of the annotations were classified as participating in 
metabolic processes (7,393), followed by cellular processes (6,294). Regarding molecular functions, 
binding and catalytic activity were the most frequent classifications. Concerning cellular components, 
genes involved in cellular (5,184) and organelle (2,665) components and the membrane (2,143) were the 
most abundant. 
For the hydrolysis of complex substrates such as sugarcane bagasse, a microorganism must produce an 
array of specialized enzymes that can hydrolyze lignocelluloses. The interaction between different 
classes of enzymes has been extensively studied [12],[13] and was observed in the present study. Figure 




number of contigs assigned to each of them. Of the contigs formed after assembly, 36.18% were 
classified according to GO terms, with 21.46% being involved in catalytic reactions. Approximately 164 
contigs were classified as being potentially involved in metabolic reactions related to biomass 
degradation. 
The β-glucosidase classification are specifically involved in the hydrolysis of cellulose. These sequences 
catalyze the hydrolysis of terminal, nonreducing β-D-glucose residues through the release of β-D-
glucosidase (EC 3.2.1.21) and glucan 1,4-α-glucosidase (EC 3.2.1.3), which in turn catalyze the 
hydrolysis of terminal (14)-linked α-D-glucose residues from the nonreducing ends of the chains. 
Both of these steps release β-D-glucose, which is the monomer that is further metabolized. 
Hemicellulose possesses a more varied composition than cellulose and requires enzymes to be 
effectively hydrolyzed. Sequences were classified as being involved in the degradation of xylan to 
monomers, including both endo-xylanases (EC 3.2.1.8), which cleave the xylanbackbone into shorter 
oligosaccharides, and β-xylosidase (EC 3.2.1.37), which cleaves short xylo-oligosaccharides into xylose. 
Similarly, sequences were related to mannan degradation (EC 3.2.1.113, EC 3.2.1.25, EC 3.2.1.24, EC 
3.2.1.78 and EC 3.2.1.101). Several ancillary enzymes were also identified, including α-glucuronidase 
(EC 3.2.1.139), α-galactosidase (EC 3.2.1.22) and arabinofuranosidase (EC 3.2.1.55). 
Systematic synergisms between the different enzyme classes could be observed for specific metabolic 
pathways in the T. harzianum transcriptome. These pathways included the metabolism of different 
sugars, which are associated with the depolymerization of biomass and were classified according to 
specific criteria of the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Table 2) [28]. 
 
Table 2. Metabolic pathways expressed in different libraries. The classification of the contigs according 




Library  Enzyme Code Classification 
Fructose and mannose metabolism DSB EC 1.1.1.17: 5-dehydrogenase 
 CEL EC 3.2.1.78: endo-1,4-β-mannosidase 
Lysine biosynthesis DSB EC 1.2.1.31: dehydrogenase 
Lysine degradation DSB EC 1.2.1.31: dehydrogenase 
Purine metabolism CEL EC 2.7.7.7: DNA polymerase 
 CEL EC 3.6.1.3: adenylpyrophosphatase 
 CEL EC 3.6.1.15: nucleoside triphosphate 
phosphohydrolase 
 LAC EC 3.6.1.3: adenylpyrophosphatase 





Methane metabolism CEL EC 1.14.13.8: monooxygenase 
 CEL EC 1.11.1.7: lactoperoxidase 
Phenylpropanoid biosynthesis CEL EC 1.11.1.7: lactoperoxidase 
Phenylalanine metabolism CEL EC 1.11.1.7: lactoperoxidase 
Glycerophospholipid metabolism CEL EC 4..1.1.65: decarboxylase 
 LAC EC 1.1.1.8: dehydrogenase (NAD+) 
Pyrimidine metabolism CEL EC 2.7.7.7: DNA polymerase 
Starch and sucrose metabolism CEL EC 3.2.1.1: endo-1,4-β-D-glucanase 
 LAC EC 3.2.1.37: 1,4-β-xylosidase 
Drug metabolism: cytochrome P450 CEL EC 1.14.13.8: monooxygenase 
Drug metabolism: other enzymes LAC EC 3.1.1.1: aliesterase 
Riboflavin metabolism CEL EC 1.1.1.193: reductase 
Fructose and mannose metabolism CEL EC 3.2.1.78: endo-1,4-β-mannosidase 
Amino sugar and nucleotide sugar metabolism LAC EC 3.2.1.37: 1,4-β-xylosidase 
  EC 3.2.1.55: arabinosidase 
Pyruvate metabolism LAC EC 2.3.3.9: synthase 
Nitrogen metabolism LAC EC 1.9.3.1: oxidase 
Other glycan degradation LAC EC 3.2.1.45: psychosine hydrolase 
Glycerolipid metabolism LAC EC 1.1.1.72: dehydrogenase (NADP+) 
Oxidative phosphorylation LAC EC 1 1.9.3.1: oxidase 
Glyoxylate and dicarboxylate metabolism LAC EC 2.3.3.9: synthase 
Sphingolipid metabolism LAC EC 3.2.1.45:psychosine hydrolase 
Fructose and mannose metabolism DSB EC 1.1.1.17: 5-dehydrogenase 
 CEL EC 3.2.1.78: endo-1,4-β-mannosidase 
Lysine biosynthesis DSB EC 1.2.1.31: dehydrogenase 
Lysine degradation DSB EC 1.2.1.31: dehydrogenase 
Purine metabolism CEL EC 2.7.7.7: DNA polymerase 
 CEL EC 3.6.1.3: adenylpyrophosphatase 
 CEL EC 3.6.1.15: nucleoside triphosphate 
phosphohydrolase 
 LAC EC 3.6.1.3: adenylpyrophosphatase 
Thiamine metabolism CEL EC 3.6.1.15: nucleoside triphosphate 
phosphohydrolase 
Methane metabolism CEL EC 1.14.13.8: monooxygenase 
 CEL EC 1.11.1.7: lactoperoxidase 
Phenylpropanoid biosynthesis CEL EC 1.11.1.7: lactoperoxidase 




Glycerophospholipid metabolism CEL EC 4..1.1.65: decarboxylase 
 LAC EC 1.1.1.8: dehydrogenase (NAD+) 
Pyrimidine metabolism CEL EC 2.7.7.7: DNA polymerase 
Starch and sucrose metabolism CEL EC 3.2.1.1: endo-1,4-β-D-glucanase 
 LAC EC 3.2.1.37: 1,4-β-xylosidase 
Drug metabolism: cytochrome P450 CEL EC 1.14.13.8: monooxygenase 
Drug metabolism: other enzymes LAC EC 3.1.1.1: aliesterase 
Riboflavin metabolism CEL EC 1.1.1.193: reductase 
Fructose and mannose metabolism CEL EC 3.2.1.78: endo-1,4-β-mannosidase 
Amino sugar and nucleotide sugar metabolism LAC EC 3.2.1.37: 1,4-β-xylosidase 
  EC 3.2.1.55: arabinosidase 
Pyruvate metabolism LAC EC 2.3.3.9: synthase 
Nitrogen metabolism LAC EC 1.9.3.1: oxidase 
Other glycan degradation LAC EC 3.2.1.45: psychosine hydrolase 
Glycerolipid metabolism LAC EC 1.1.1.72: dehydrogenase (NADP+) 
Oxidative phosphorylation LAC EC 1 1.9.3.1: oxidase 
Glyoxylate and dicarboxylate metabolism LAC EC 2.3.3.9: synthase 
Sphingolipid metabolism LAC EC 3.2.1.45: psychosine hydrolase 
 
In this manner, different classes of enzymes that act together to degrade the cellulose backbone were 
identified. The application of enzymes to catalyze the degradation of cellulose to glucose and heteroxylans to 
pentose is now considered to be the most viable strategy for providing cost-efficient second-generation 
ethanol processes [39],[18], and the present study confirms that a variety of different metabolic pathways are 
necessary for sugar degradation in this yeast.  
 
Classification according to CAZymes 
To determine the number of encoded genes related to biomass degradation in the transcriptome, we searched 
for the following carbohydrate-active enzyme groups: glycoside hydrolases (GHs), glycosyltransferases 
(GTs), carbohydrate esterases (CEs) and the corresponding carbohydrate-binding modules (CBMs). We 
compared the transcriptome with a group of annotated sequences from the CAZymes database, including the 
annotated sequences for 17 cellulases from T. reesei. To identify CAZymes in T. harzianum IOC-3844, the 
assembled transcriptome was aligned against the specific CAZy dataset, and only the best alignment was 
considered for each gene sequence. A total of 527 CAZymes were identified in the T. harzianum IOC-3844 
predicted gene set (unpublished results). We identified 487 predicted CAZymes in the transcriptome using a 
cutoff E-value of 1x10
-5
. From the predicted CAZymes, we identified 23 genes that encoded proteins of the 
glycoside hydrolase families that are involved in cellulose depolymerization: three genes were classified as 




gene as GH6 and one gene as GH61. In the cellulose depolymerization group, we found 10 different 
sequences that encoded carbohydrate-binding modules. Regarding genes involved in hemicellulose 
depolymerization, 22 genes were identified from the following glycoside hydrolase families: three genes 
from GH10, three genes from GH11, two genes from GH26, three genes from GH43, three genes from 
GH54, one gene from GH62, two genes from GH67, one gene from GH74 and four genes from GH95. Six 
carbohydrate-binding module sequences were classified as belonging to enzymes that degrade hemicellulose 
(Figure 5). 
 
Figure 5. Encoded genes related to cellulose and hemicellulose depolymerization. Genes classified 
in the transcriptome analysis of T. harzianum fermentation on sugarcane bagasse. 
 
Comparative expression analysis  
To analyze the differences in expression levels among the tested growth conditions, we compared the total 
assembly generated from all of the sequenced transcriptome libraries (DSB+CEL+LAC library) with each 
individual transcriptome assembly. The mapping results are shown in Table 1. 
To identify the transcriptomic responses under each condition, we analyzed the distribution of the genes that 
were identified as being differentially expressed. Pairwise comparisons of the subsets indicated the total 
number of genes that were overexpressed under each condition. The classification of differentially expressed 
contigs allowed us to determine the set of genes for carbohydrate-active enzymes that were upregulated in 
each group (Table 3, Figure 6 and 7). 
 
Upregulated group Cluster Contig Length (bp) Lowest E-
value 
CAZy  RPKM  
      DSB CEL LAC 




  7294 1,155 3.72E-33 GT39 84.76 51.53 42.58 
  14029 3,726 0.00 GT2 97.16 35.91 58.69 
  15954 665 3.74E-13 GH28 64.39 28.07 32.29 
  16314 1,044 0.00 GH76 144.84 88.02 98.48 
  19203 218 1.86E-34 GH28 293.39 163.56 212.91 
  19252 218 1.37E-47 GT2 81.63 42.09 33.30 
  19677 250 1.52E-24 GT2 58.78 31.54 24.40 
  20009 209 5.02E-35 GH16 103.86 68.61 58.86 
  21947 1,631 0.00 GT2 194.11 123.70 142.81 
  22621 1,184 0.00 GH125 151.61 80.77 97.54 
  23959 898 0.00 GT20 251.35 144.52 151.95 
  24020 330 2.94E-173 GT4 359.77 167.88 260.13 
  24053 1,141 0.00 GT48 210.54 152.82 151.10 
  24197 823 1.37E-36 CE11 156.59 115.13 101.66 
  24491 696 0.00 GH128 332.95 226.17 240.71 
  25186 416 2.98E-6 CE11 228.13 132.09 154.75 
  27900 309 5.9E-42 GH78 373.50 176.02 247.26 
  28105 267 2.72E-97 GH72 201.54 119.69 131.08 
  28257 262 1.35E-19 GH1 70.75 37.95 31.09 
  29726 1,876 0.00 GH5 118.25 83.09 68.79 
  31930 361 3.11E-150 GH43 447.09 355.16 205.51 
         
CEL 2 15484 1,124 0.00 GT24 37.62 129.12 77.71 
  15510 596 0.00 GH5/CBM1 49.83 239.69 88.81 
  15808 642 1.32E-64 GH5 54.56 95.81 60.99 
  17441 1,93 5.04E-34 GH10 83.44 257.14 120.21 
  19410 217 2.19E-39 GH3 24.20 49.84 17.90 
  19509 227 3.56E-37 GT2 287.20 425.57 320.97 
  19636 212 5.34E-29 GT2 38.56 103.35 54.65 
  19662 220 7.85E-39 GT2 115.65 220.27 135.39 
  20286 203 2.77E-26 GH11 954.08 2,397.6 1,835.5 
  20620 1,993 9.99E-31 CE15 16.83 58.90 22.72 
  23663 557 0.00 CBM20 257.18 433.50 330.20 
  23934 1,045 0.00 GT2 221.66 416.88 256.88 
  24061 1,256 0.00 GT2 115.31 164.11 77.22 
  24114 526 0.00 GT48 363.92 467.54 372.60 
  24258 1,118 0.00 GT2 111.80 187.01 75.47 
  24717 1,283 0.00 GT2 279.09 550.73 376.59 
  25735 222 5.84E-52 GT2 211.60 375.59 260.66 
  26247 262 2.93E-56 GH18 153.47 228.37 111.86 




  31105 817 1.17E-141 GH10 47.92 166.37 67.24 
  32239 223 3.49E-37 GT48 36.66 74.47 42.48 
  5331 2,885 0.00 GH2/GH27 34.36 80.30 42.64 
  6707 1,307 0.00 GH10 80.29 185.68 77.10 
         
LAC 3 7215 1,907 0.00 GH43 78.81 91.29 130.49 
  10859 1,914 0.00 GH47 193.40 198.30 294.08 
  18143 324 2.36E-87 GH76 79.40 74.62 126.43 
  18902 221 3.46E-37 CE5/CBM1 84.67 146.97 206.94 
  19230 225 7.7E-45 GH18/CBM1 90.84 121.41 184.33 
  19615 210 9.28E-38 CE5/CBM1 101.02 123.10 210.96 
  20453 1,983 0.00 GH5 9.49 10.24 135.54 
  22045 1,22 0.00 GH18 13.66 30.17 53.55 
  22732 1,036 0.00 GH43/CBM1 73.44 129.52 179.90 
  23357 1,136 0.00 CE5 32.57 49.05 88.74 
  23867 1,884 0.00 GH55 187.33 207.94 318.03 
  24034 1,109 0.00 GH2 192.75 286.72 354.68 
  24118 1,48 0.00 GH3 122.62 153.22 248.20 
  24121 392 5.3E-90 GH72/CBM43 242.90 397.74 516.40 
  24529 582 2.79E-147 GH31 171.29 177.98 249.27 
  24859 367 3.48E-109 GH62 148.35 184.33 413.59 
  25106 622 0.00 CE5/CBM1 228.89 287.24 445.60 
  25478 230 6.87E-92 GH3 87.18 84.79 179.73 
  25634 386 1.23E-143 GH18 209.61 190.08 393.49 
  26359 317 7.11E-105 GH18/CBM1 115.17 144.83 221.46 
  26916 303 1.61E-158 GH31 113.16 169.49 238.66 
  27290 226 2.98E-32 GH11 86.07 60.98 133.60 
  27342 313 2.27E-116 GH62 35.46 47.15 115.85 
  27456 265 4.58E-54 GH71/CBM24 49.47 79.91 132.71 
  28080 593 2.34E-32 GH6 702.66 565.85 859.84 
  28132 364 0.00 GH31 315.80 392.58 588.33 
  28344 358 2.73E-110 GH11 83.67 144.72 220.94 
  28732 330 5.55E-31 GH92 93.23 96.63 159.65 
  29910 1,762 0.00 GH54/CBM42 48.08 58.71 115.27 
  29947 1,601 0.00 CE5/CBM1 96.47 169.32 259.20 
  30067 1,876 0.00 GH64 47.94 54.27 84.11 
  31154 1 0.00 GH13/CBM48 307.18 336.14 398.07 
  31183 505 0.00 GH62/CBM1 253.87 274.20 429.39 
Table 3. Classification of sequences present in upregulated groups, according to the CAZyme 
database. The sequences presenting expectation values lower than 1x10
-3
, and the best alignment scores 






Figure 6. K-means clustering of differentially expressed genes identified as CAZymes 
(summarized in Table 3).  
 
Different genes corresponded to different glycoside hydrolase families involved in carbohydrate 
metabolism in the different upregulated groups. According to the Carbohydrate-Active Enzymes 
database [40], the glycoside hydrolases of family 1 include enzymes that possess β-glucosidase (EC 
3.2.1.21), β-galactosidase (EC 3.2.1.23) and β-mannosidase (EC 3.2.1.25) activities; the glycoside 
hydrolases of family 18 possess chitinase (EC 3.2.1.14) activity; the glycoside hydrolases of family 55 
exhibit exo-b-1,3-glucanase (EC 3.2.1.58) and endo-b-1,3-glucanase (EC 3.2.1.39) activities; the 
glycoside hydrolases of family 3 exhibit β-glucosidase (EC 3.2.1.21) and xylan 1,4-β-xylosidase (EC 
3.2.1.37)activities; the glycoside hydrolases of family 5 possess chitosanase (EC 3.2.1.132), b-
mannosidase (EC 3.2.1.25), endo-b-1,4-glucanase / cellulase (EC 3.2.1.4) and glucan b-1,3-glucosidase 
(EC 3.2.1.58) activities; the glycoside hydrolases of family 11present endo-1,4-β-xylanase (EC 3.2.1.8) 
activity; and the glycoside hydrolases of family 16 exhibit endo-1,3-β-glucanase (EC 3.2.1.39) or endo-
1,3(4)-β-glucanase (EC 3.2.1.6) activity. The LAC library contained 33 classified genes, whereas the 
CEL library contained 23 genes and the DSB library contained 22 genes. These gene 




from activated donor molecules to specific acceptor molecules to form glycosidic bonds; carbohydrate 
esterases (CEs); and the corresponding carbohydrate-binding modules (CBMs). Glycosyltransferases 
can be classified as either retaining or inverting enzymes according to the stereochemistry of their 
substrates and reaction products. The glycosyltransferases of family 2 (GT2) exhibit cellulose synthase 
(EC 2.4.1.12) and chitin synthase (EC 2.4.1.16) activities and appear in all three libraries. The 
glycosyltransferases of family 4 (GT4) exhibit sucrose synthase (EC 2.4.1.13) and sucrose-phosphate 
synthase (EC 2.4.1.14) activities. Therefore, some of the genes that are responsible for biomass 
degradation reactions are highly expressed, whereas others, though not highly expressed, may also 
confer the ability to degrade organic compounds for energy in this fungus. Thus, the fungus can adapt its 
cellulolytic system to the composition of its medium by increasing or decreasing the expression of 
certain genes, as observed in the present study. 
 
Discussion  
The ability of filamentous fungi to efficiently degrade plant polymers is an important aspect of microbial 
ecology and may afford many potential industrial applications. The fungal strain T. harzianum 
demonstrates promising results for on-site cellulase production and is a potential candidate for the 
production of hydrolytic enzymes [4],[6]. 
To evaluate the cellulase activity of this fungus on pretreated sugarcane bagasse, we measured FPase, 
which reflects the overall activity of multicomponent enzyme complexes for cellulose hydrolysis [41]. 
An increase in cellulose activity is observed over the course of cultivation until 96 h, which represents 
the maximum cellulolytic activity (Figure 2). The DSB sample, which was used as the inducer, initiated 
fermentation at a level 4-fold greater than cellulolytic activity, which is most likely due to previous 
adaptation of the fungus to the substrate during the production of mycelia (during the preculture). In this 
case, the set of genes that were activated during the induction of mycelial growth was identical to the set 
used in fermentation, which allowed for a higher rate of fermentation in the first 24 h. In the first 48 to 
96 h, the cellulolytic activity profile of the sample induced with DSB maintained a growth profile and 
FPase that was statistically similar to that of samples induced with cellulose. This result indicates that 
the set of genes that were active after the adaptation phase of fermentation may have been similar 
between the samples; however, the sample induced with DSB must have differentially expressed some 
genes in the first 24 h of growth because it reached a higher peak of cellulolytic activity (0.2 ± 0.01 FPU 
mL
-1
)compared with the samples induced with cellulose and lactose .The sample that used lactose as the 
inducer of mycelial growth maintained lower levels of activity throughout the fermentation . Notably, in 
the first 24 h of fermentation, the CEL and LAC samples both achieved similar (0.05 ± 0.004 and 0.02 ± 
0.002 FPU mL
-1
, respectively) levels of FPase, suggesting that the set of genes that were activated 
during the preculture phase generated similar rates of cellulose-degrading enzymatic activity.  
To elucidate how the complex sugarcane bagasse substrate influences the set of fungal gene transcripts 
that conferred enzymatic activity, we analyzed the transcription profiles of the samples. The results 




substrate (Figure 3). In the analysis of 32,494 contigs from the cDNA library, 6,975 sequences were 
classified as possessing catalytic activity (21.46% of total contigs), of which 2,555 possess hydrolase 
activity and act on chemical bonds such as ester, carbon-nitrogen and carbon-carbon bonds (Table 4). 
The high number of identified hydrolase sequences allowed us to determine the gene sequences that 
were related to specific degradation reactions. A similar annotation profile, which was generated using 
Gene Ontology (GO), was described by Steindorff et al.(2012) [5] for an EST sequencing library of 
2,927 high-quality sequences. In both experiments, catalytic activity and binding represented the major 
classified molecular functions, with metabolic and cellular processes being the most prevalent 
classifications, and the cell and organelle category constituting the most common cellular localization. 
 
GO ID TERM Number of classified sequences 
GO:0016787 hydrolase activity 2,555 
GO:0004553 hydrolase activity, hydrolyzing O-glycosyl compounds 336 
GO:0016788 hydrolase activity, acting on ester bonds 494 
GO:0016798 hydrolase activity, acting on glycosyl bonds 373 
GO:0016818 hydrolase activity, acting on acid anhydrides, in 
phosphorus-containing anhydrides 
778 
GO:0016798 hydrolase activity, acting on glycosyl bonds 373 
GO:0016818 hydrolase activity, acting on acid anhydrides, in 
phosphorus-containing anhydrides 
778 
GO:0016817 hydrolase activity, acting on acid anhydrides 789 
GO:0016810 hydrolase activity, acting on carbon-nitrogen (but not 
peptide) bonds 
140 
GO:0016820 hydrolase activity, acting on acid anhydrides, catalyzing 
transmembrane movement of substances 
174 
GO:0042578 phosphoric ester hydrolase activity 155 
GO:0052689 carboxylic ester hydrolase activity 77 
GO:0017171 serine hydrolase activity 113 
GO:0008081 phosphoric diester hydrolase activity 54 
GO:0016811 hydrolase activity, acting on carbon-nitrogen (but not 
peptide) bonds in linear amides 
40 
GO:0016790 thiolester hydrolase activity 45 
GO:0008484 sulfuric ester hydrolase activity 17 
GO:0016813 hydrolase activity, acting on carbon-nitrogen (but not 
peptide) bonds in linear amidines 
17 
GO:0016814 hydrolase activity, acting on carbon-nitrogen (but not 
peptide) bonds in cyclic amidines 
25 
GO:0047617 acyl-CoA hydrolase activity 9 




GO:0016803 ether hydrolase activity 10 
GO:0016289 CoA hydrolase activity 9 
GO:0016801 hydrolase activity, acting on ether bonds 11 
GO:0019238 cyclohydrolase activity 9 
GO:0004416 hydroxyacylglutathione hydrolase activity 4 
GO:0016799 hydrolase activity, hydrolyzing N-glycosyl compounds 5 
GO:0019120 hydrolase activity, acting on acid halide bonds, in C-
halide compounds 
3 
GO:0003933 GTP cyclohydrolase activity 5 
GO:0004848 ureidoglycolate hydrolase activity 3 
GO:0003935 GTP cyclohydrolase II activity 3 
GO:0004477 methenyltetrahydrofolate cyclohydrolase activity 2 
GO:0004045 aminoacyl-tRNA hydrolase activity 2 
GO:0003934 GTP cyclohydrolase I activity 2 
GO:0008474 palmitoyl-(protein) hydrolase activity 2 
GO:0004463 leukotriene-A4 hydrolase activity 2 
GO:0016823 hydrolase activity, acting on acid carbon-carbon bonds 
in ketonic substances 
3 
GO:0016824 hydrolase activity, acting on acid halide bonds 3 
GO:0016822 hydrolase activity, acting on acid carbon-carbon bonds 3 
GO:0004039 allophanate hydrolase activity 1 
GO:0004635 phosphoribosyl-AMP cyclohydrolase activity 1 
GO:0004649 poly(ADP-ribose) glycohydrolase activity 1 
GO:0033971 hydroxyisourate hydrolase activity 1 
GO:0018738 S-formylglutathione hydrolase activity 1 
GO:0004301 epoxide hydrolase activity 1 
GO:0033699 DNA 5'-adenosine monophosphate hydrolase activity 1 
GO:0003937 IMP cyclohydrolase activity 1 
GO:0016802 trialkylsulfonium hydrolase activity 1 
GO:0016815 hydrolase activity, acting on carbon-nitrogen (but not 
peptide) bonds in nitriles 
1 
Table 4. Contig sequences classified according to their putative hydrolytic activity 
 
The current study identified genes that were upregulated by different substrates in the preculture phase 
(Table 3). The DSB library contained 792 classified contigs, 514 of which were homologous to the T. 
harzianum genome and 22 of which were related to the CAZyme library. Among the 377 classified 
contigs in the CEL library, 243 were related to the genome, and 23 were identified among the CAZyme. 




were identified in the CAZyme dataset (Table 3). Therefore, according to the CAZyme classification, 79 
genes were differentially expressed between two conditions and exhibited an expression level that was 
measurable in the other conditions. In this analysis, the gene expression values fell into three profiles 
after K-means clustering (Figure 6). Cluster 1 (Figure 7A) contained the genes (members of the 
glycoside hydrolase family) that were most highly expressed in the DSB library; cluster 2 (Figure 7B) 
contained the most highly expressed genes in the CEL library and.Cluster 3 (Figure 7C) contained the 
most highly expressed genes in the LAC library; A difference observed between the set group of GHs 
could be related to the influence of the different substrates. Several contigs were analyzed further in 
terms of their expression values and similarity.  
 
Figure 7. The identified genes (summarized in Table 3) were resolved into three clusters. The 
identified genes were further classified into one of three response profiles based on where they 
were most highly expressed: (A) in the DSB library, (B) in the CEL library or (C) in the LAC 
library. 
 
Among the differentially expressed genes, we identified genes related to extracellular degradative enzymes 
that play an important role in pathogenesis. These enzymes include the carbohydrate esterase family 5 
protein, whose cutinase domain (contig 25106, classified based on CAZ similarity as EHK47149.1, 
IPR000675) hydrolyzes cutin and facilitates fungal penetration through the cuticle. Inhibition of this enzyme 
can prevent fungal infection through intact cuticles. When cutin monomers are released from the cuticle due 
to small amounts of cutinase on fungal spore surfaces, these monomers can greatly increase the amount of 
cutinase secreted by the spore, although the mechanism underlying this process remains unknown. Another, 
more highly expressed, contig was classified as a member of the GH11 family (contig 20286).The 




endohydrolysis of (1->4)-beta-D-xylosidic linkages in xylans and random hydrolysis of (1->3)-beta-D-
glycosidic linkages in (1->3)-beta-D-xylans. Contig 27456 exhibited similarity to family GH71, which 
includes α-1,3-glucanase (EC 3.2.1.59). O-Glycosyl hydrolases (EC 3.2.1.) are a widespread group of 
enzymes that hydrolyze glycosidic bonds between two or more carbohydrates or between a carbohydrate and 
a noncarbohydrate moiety (IPR005197), and they are also related to CBM24 (α-1,3-glucan (mutant)-binding 
function) [42]. 
In the DSB library, contig 20009 was found to be differentially expressed at a significant RPKM level 
(103.86) and was similar to a GH16 protein from Trichoderma virens (EHK18881.1, IPR000757). The 
GH16 family contains a variety of enzymes with a range of known activities. Lichenase (EC 3.2.1.73), 
xyloglucan xyloglucosyltransferase (EC 2.4.1.207), agarase (EC 3.2.1.81), kappa-carrageenase (EC 
3.2.1.83), endo-β-1,3-glucanase (EC 3.2.1.39), endo-β-1,3-1,4-glucanase (EC 3.2.1.6) and endo-β-
galactosidase (EC 3.2.1.103) are all members of this family.  
In this study, we identified sequences related to different classes of enzymes that act on the cellulose 
backbone, such as GH5, which exhibits endo-β-1,4-glucanase activity in T. reesei (EC 3.2.1.4) and is 
responsible for the hydrolysis of the (14)-β-D-glucosidic linkages in cellulose. The GH3 family exhibits β-
glucosidase activity in T. reesei (EC 3.2.1.21),where it hydrolyzes terminal, nonreducing β-D-glucosyl 
residues and releases β-D-glucose. This monomer can enter into the eukaryotic energy pathway of 
glycolysis. Glycolysis produces energy and requires an input of two ATP molecules. This input is used to 
generate four new ATP molecules, resulting in a net gain of two ATP molecules. Two NADH molecules are 
also produced; these molecules serve as electron carriers for other biochemical reactions in the cell. The 
enzymes that are necessary to catalyze the degradation of glucose molecules are expressed throughout the 
growth of the fungus on the complex substrate, possibly to produce energy through glycolysis and support 
cell survival and reproduction. The enzymes that act in biomass degradation were the focus of this work, and 
this analysis allowed us to identify a set of enzymes that are involved in carbohydrate metabolism based on 
expression profiles. 
Regarding expression differences, the LAC library contained numerous genes receiving CAZyme 
classifications. Lactose, an inexpensive, soluble substrate, leads to reasonably good induction for cellulase 
production [43],[44]. The fungus does not directly take up lactose but instead hydrolyzes the compound to 
galactose and glucose. Cellulase synthesis cannot be induced by galactose, and the addition of galactose to 
the medium decreases FPase levels in the supernatant [45], as reported in this work. Karaffa et al. [43] 
reported that lactose induces significantly higher cellulase levels compared to galactose, but galactose 
induces cellulase gene expression at low growth rates in T. reesei. In this study, the highest degradation rate 
would have occurred in the fungi precultured on the lactose medium, followed by cellulose and DSB, due to 
the complexity of the substrate and the stability of the organic chains involved. The presence of lactose in the 
early stages of the experiment would have induced genes that are sensitive to lactose and galactose, which 
may explain the low level of FPase observed in the sample that used lactose as the inducer of hydrolytic 




expression of a different set of genes that were differentially expressed compared with the control, and this 
difference was associated with an increase in cellulose enzymatic activity during fermentation.  
This strain of T. harzianum demonstrates a complex and efficient genetic mechanism for biomass 
degradation. The use of RNA-Seq technology was shown to be an efficient strategy for the discovery and 
selection of potential target genes. The results reported here are valuable for further studies on the 
expression, purification and characterization of recombinant enzymes for efficient cellulose degradation. 
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